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NOTICE

When Government drawings, specifications, or other data are used for any
purpose other than in connection with a definitely related Government procure-
ment operation, the United States Government thereby incurs no responsibility
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any manner licensing the holder or any other person or corporation, or convey-
ing any rights or permission to manufacture use, or sell any patented in-
vention that may in any way be related thereto.

This report has been reviewed by the Office of Public Affairs (ASD/PA) and
is releasable to the National Technical Information Service (NTIS). At NTIS,
it will be available to the general public, including foreign nations.

This technical report has been reviewed and is approved for publication.
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AFWAL-TR- 87-4139

FOREWORD

This report was compiled by the Materials Integrity Branch, Systems Support
Division, Materials Laboratory, Air Force Wright Aeronautical Laboratories, -s
Wright-Patterson AFB, Ohio. It was initiated under Task 24180704 "Corrosion
Control & Failure Analysis" with Fred H. Meyer, Jr. as the Project Engineer.
The 1987 Tri-Service Conference on Corrosion is a follow-up of eight prior
conferences held in 1967, 1969, 1972, 1974, 1976, 1978, 1980 and 1983.

This Report (Vol I, Vol II) includes all available papers from the 1987 Tri-
Service Conference on Corrosion.

This technical report was submitted by the editor.

Proceedings of Prior Conferences are available in:

1. AFtL-TR-67-329 (1967) (AD 826-198) S

2. MCIC 73-19 (1972) (AD 771345)

3. AFML-TR-75-42 Vol I, Vol II (1974) (ADA 021053, ADA 029934)

4. MCIC-77-33 (1976) (ADO 49769)

5. PICIC-79-40 (1978) (AD A- 73054)

6. AFWAL-TR-81-4019 Vol I, Vol 2 (1980) (ADA 106803)
(ADA 115785)

7. 1963 Tri-Service Corrosion Conference Proceeding Naval Ship r&D Center
Annapolis, MD 20084.

The purpose of the 1987 Conference was to continue interservice Coordination
- in the areas of corrosion research and corrosion prevention and control .
' Specifically, the objectives were to make Department of Defense personnel,

contractors and interest individuals aware of the important Corrosion problems S
in Military equipment, to present the status of significant corrosion research
projects currently pursued by the military services and to provide a general
forum for exchange of corrosion prevention and control information.
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1987 TRI-SEPVICE CORROSION CONFERENCE
OPENING REMARKS

by
FRED H. MEYER JR., GENERAL CI;iIRMAN

Welcome to the Ninth Biannual Tri-Service Corrosion Conference. This Confer-
ence was established in 1967. Sponsorship alternates among the Air Force,
Navy and Army. d
This year's Conference is sponsored by the Materials Integrity Branch, Systems
Support Division of the Air Force Wright Aeronautical Laboratories, Materials
Laboratory, Wright-Patterson Air Force Base, Ohio.

Corrosion of equipment continues tc be a major problem for the Armed Forces, -
so the purpose of this Conference is to present current research and
development relating to current problems in corrosinn control and prevention
of deterioration cf military and aerospace systems due to corrosion.

Each Service has large numbers of ajing weapon systems which require strona
corrosion control efforts for their rurvival. Increasingly, more complex iew
weapon systems being developed by the Services also reqUire- very V.nyi
corrosion prevention design surveillance. 10

A free exchange of the best methuds currently dvallabl "f,-r combating the.
ser ious corrosion problem will lead t the incorporat of better mater l s
ani methods in the acquisition of new systems. Disc .iors by leading exports
in the field and the airing of current problems wil. not only provide valuahle
guidances to the Air Force, Navy, and Arry programs , but will a-.-ist in
stimulating high level technical people from key industrial and oc dIom(i
organizations to 6ssist in solving critical DOD corrosinn problems. -

The earlier Tri-Service Corrosion con.ferences concluded that grciter ir,1 -,-,ron-
tation of existing technology is especially necd(d within the 'crvice,. Thorn
has been corsiderable difficult' in the past in impl evnntina triniIioning In.
the state-of-the-arts in solvine design and ficld 1-oblemF.
This hds been nne of the major gCals of the Tri-Service Ccrrroinn Cun"':-rences

in the past and vill continue I-o be a primary goal. [K-i Confpr nc s.-
dedicated to the rapid efficir,rt transfer in advanced statp-nf-'hc-art ;_ecn-
nolovy in corrosion science 4rd ,Tngineerina into the K ect u,. 1! h(, p, oluc .
tion of more eif fective svstenis f r nati oral defensL. -

We hope by the sponsorship of t is (onf errci 'o make a significrn. c, itribu-"
tion to keeping our aefensc systems more rel iable, more durable ard eLon(er1c4lby providing an open forumn f or the d iscuss io u , c orrr c i ci rol,.. k-us wh ic h at i:]; "

the present timec plague all of the serv4cos.

The paper, will be prcsented in concu rYent sessicos after I, , f
the balance of the Conference. They 0,l11 be in ti. ,s hall a,',' t her

dsionatd h,ill . Pl ease feel frre to iove fro. sri, io, t, ,, r i paors "
0 f significart interesi: to you ar Ir-ented i. driforen (cIi tnf. e ' ,
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I would like to recognize at this tine the members of the Executive Planning
Commnittee without whose considerable personal efforts this Conference would %A
have not been possible. Also, I would like to recognize at this time members
of the National Association of Corrosion Engineers Technical Committee T9
Corrosion of Aerospace Equipment. This Committee and its Subcommnittees are -
neeting here in conjunction with the 1987 Tni-Service Corrosion Conference.

This Conference has been recognized by the DOD Joint Logistics Commanders as
the prime forum for interchange of corrosion information between each of the

R Services and their contractors.

Our next speaker is Colonel John P. May, Acting Dean of Faculty of the Air
Force Academy.

e: 0- r...0.
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PROTECTIVE SCHEMES FOR
MAGNESIUM ALLOY ZE4 IA-T5

_ _ _ _ _ _ I _ _ _ _ _ _
CON,ERSION UoRTIN CONJERSION COATING:

HOE 4NODIZE 3 CI[110H[-MRNGRNESE
(MIL-M-45202C; 2) (BTU 9 11 ; BATH U)

ARALDITE 985 ARLOITE 985
(D.T.D. 935) 1D.T.D. 935)

................

----..-----

PRIIMERS: " " '

1) EPOXY POLYAMIDE, CSR* (MIL-P-23377) .4 -

2) EPOXY RESIN, -R** (MIL-P-52192) 71

3) EPOXY, LIOC COMPLIANT, CSR (MIL-P-85582) , '.-

~~TOPCOATS: •

-"'. 
"-.'1) EARL. POLYURETHANE (MIL-C-46186C) ,","".,.,,,,-- ".,

-.' . .

2C, '." *'.

I SERLANT:
1) CORROSION-INHIBITIVE, POLYSULFIDE (MIL-S-81733)

• CHEMICAL AND SOLVENT RESISTANT
CHEMICAL RESISTANT
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EFFECT OF ORGANIC INHIBITORS ON POTENTIODYNAMIC
POLARIZATION BEHAVIOR OF COMMERCIALLY PURE Mg IN

VOLTS DF-22 (99.B%) AT 2 5'0 C; SCAN RATE 1.388 mv/sec.
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u.verview :ci .ne Air rcrce Orros-on rogram

i'n. Air i orce \Ar -o Corrosi on rrcdgram ulI ce was estao, islea in
uJctooer iVI and is iocatea at ftooins Al- t.A. ihs aoffice nas i~z
Materials t.ngineers and two Sr. L.niistea Corrosion l-oeciailsts.

Arkt 4OU-44 entitied Ar Corrosion eragram novides the authority
tar tflu proiam. rrs regulation covers corrosion Pr-evention as&

Drimarv design criteria. it covers maintenance activities. command-
wide corrosion prograins ana Procurement recuirements. 'Ine AFLC /AiFSC
supplement to tis reoia-ion turther details thue resoansibie tor'
each organization wtnir, tx-es commarnds.

i'he orgarnizatiorna, networx is one o: tne ma'cr Keys to a 'i *

worKaoie corrosion program. Corrosion Man~agers are designated tor'
ai, ocerating commnands anda )i-s. witn resoonsi~ijitv far the
Programns in tneir reavecixve areas. crrosior mon!-tcrB and toiruts
at contact are .esiignatec -Dr a-L A~i orkianizations witn any v'
corro)sion irnvo.vemnr.

arrs~n revnt~Aavisorv 6oaros.Cjq are essential to%
tne Atr Lorrosocr, rrograrr ;nese Doaras estaD.isflea far ail weapon
systems and ma'cr suosvstems. review a,. asnects of corrosion tar
tnat system and m&aze rec'cImmenaat ions to tne zroigra'. managers. 'i uese
resccnsini.itles r--ver aesion reviews. maer-a.s ana crocesses.

cor~s~r. e-nnr0a. aata. main-enance Etractices. etc.

-veratir.E command (ccrr:)sian Oreverntion ana contro.' surveys are
aisa a Key eiernent :)I tfe i.r rrcOram. tacnc "mn ssree

ever tou yeas. hese zurvevs Cover ai- ascects at the corrosion
Program inc.,jaing training taca ities. -ommrana regulatians. sutDv Ij

system, as wei, as tne actua. eauivment its .

.ne Ak- '. rrvsicr. rrc, rarn Manager aisa nas manv atner res~ansi-
:)ailties wnlcn are essenta for an ertectave orogram. ihese
inc.oe tne Quarter~v -orr-sior '-u-mmarv witn near.%, ..UUV conies
wnicn are cir-.iatea- tA.c~-~ v worldwide 2 orr,)sicl ?rogram
Man~agers meetaruf -s reic t-ua. n ring t-getner tnose
resconsio).e :or txc .-ari:,-;s ascects ccoxroslan OreventiorT ar(d
contrc. sinnn -amrtx.0c action items tram tne
managers meeting~ ar. -':;mrnai.c uvv sue continuing eftort

wara xesonaoe rgrazaticns. ,a i v cornt3LCtS with tnose
resronst...e for :o~icv. aoaa~aax.researo-n and tevelovment.*
eltc are Kevs tc *tre crogra:r.
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AN EVATJTATTON OF MICROBIOLOCIC ,
INDU(:ED CORRCiSI IN COPPER-NICKE.. :. .

Brenda Little Par, -<gner an.-

'Naval Ocean Res# :,rch ".,t-, .dboratory

and Development A-' fV L'- ;ng:tis Slipbuilding

NSTL, MS 39529-h)'04 Kasrg,',ia MS

ABSTRACT

Copper altloy' are susceptible to some
Microbiologically induced CcL,, ion tii types of ,,rrosion and premature
90/10 Cu-Ni pipes was evii,.atai isin corrosioi faiture, have been reported
estuarine water fhoM th ... * *2, .c [3,4]. Faiui-.e ot copper-nickel pipes

at the mouth of Lh6 p ltL g, ,if R ,iw in p)lutd estodriiie water can be
maintained at a f!ow it, d - rlse associate,; th wdterborne sulfides S
over an 8-month period. The iu.pact of that stimulate pitting and stress

surfac+ preparation, batch FeSO, (50 corrosion cracking tiS. 90/10 copper
ppb Fe for 48 hours) pretreatmenc and nickel was shown to suffer accelerated
intermittent treatment was evaluated, corrosion attack in seawater containing

Surface deposits were characterized by 0.01 ppm sulfide after a 1-day exposure

scanning electron microscopy and [6]. There can also be changes in the S
energy-dispersive x-ray fluorescence galvanic relationships between normally

spectrometry. Water analyses included compatible piping and fitting alloys in
pH, dissolved oxygen, dissolved sulfide sulfide containing seawater [7]. Copper

and sulfate, total organic carbon, alloys are vulnerable to erosion corro-
total suspended solids and dissolved sion caused by the removal or breakdown
heavy metal analyses, as well as quan- of the protective film by mechanical

tification of bacteriological com- forces such as local turbulence and

ponents. impingement 18]. Copper alloys are also

susceptible to microbiologically induc-
Batch FeSO treatment did not result in ed corrosion (MIC). Pope [9] proposed

4
a persistent increase in surface-bound the following mechanisms for microbial
iron or decreased localized corrosion, attack: production of corrosive sub-
Surface pitting appeared to be asso- stances, e.g., CO ,H2 S, NH3 , organic or ,.
ciated with accumulations of chlorine, inorganic acids; -production of metabo-
sulfur, and microbiological coloniza- lites that act as depolarizers; and . 4

tion. anaerobically producrd mercaptans and ,,'.

disulfides through the microbial "'-.
1. INTRODUCTION transformation of sulfur compounds.

Copper alloys have a long history of
successful application in seawater As the Cu 20 corrosion film forms in

piping systems due to their corrosion seawater, copper ions and electrons

resistance, antifouling properties, and must pass through the film to support

mechanical properties. The corrosion anodic and cathodic half-reactions. It

resistance of copper in seawater is has been shown experimentally that

attributable to the formation of a alloying additions of nickel and iron

protective film that is predominantly Into the highly defective p-type Cu 0

cuprous oxide, irrespective of alloy corrosion product film as dopants -"

composition [1]. Often, basic chloride alters the structure [1] and results in ......

atacamite (Cu (OH) Cl) or malachite a corrosion film that possesses low
(CuCO Ci(OH)), 3a c3rbonate salt, electronic and ionic conductivity [10].

forms a bulk , green, nonprotective Sukch a f I Mi a heen shown to he

film that overlies the Ciu 0 layer [21. resistant to waterborne sulfides and
2

%.. % % %
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impingement attack [8]. CDA 706, role of FeSO, a dockside experiment

alloy containing 88.5% colppcr, l' was unrrrta:en at a ship construction . -,

nickel, and 1.5% iron, has been shown site at lnfall, Shipbuilding Division,
to be the most corrosion-resistact Litton Inr'strie2, Pascagoula, Missis-
copper--based alloy [II. Both allc,,1 sippi. T1 Flw-through water was the ,1, -
and precipitated iron are effect',o oatural1" uccurring estuarine water -

methods for introducing iron into t from th'- iout'" of the Pascagoula River
Cu2 0 [9]. Ferrous ions may br -"de" "n ti; ,lf of Me i-o. Batch ferrous
seawater in a variety of ways, ir-. sulfate auriace treatment of CDA 706 r .
eluding periodic batch additions ,f Copper-n-t--kel Dipin!- systems was e-val- ' '

ferrous sulfate crystals, continuou, uate4, in the presence of biofilms con-
injection of ferrous sulfate slutions, taiainr .i'fate-reducing bacteria. The
or the use of naturally occurring iron corrosion off FeSO -treated pipes was
corrosion products [12-191. l1 the compared to untreated pipes that had

presence of naturally occurring anodes been cl'e.iled according to military
+2-

and cathodes, Fe ios.; form lepilocro- specificatiors.
cite -Y-FeOOH, a colloidal hvdrofs oxid"-

capable of interictyi wit. cn tns ac 2. ' iTHOi)S 1Y) MATERIALS
pH values 6-8. It has, bet-i shc that
the positively charged colloid can Eight-foot sections of CDA 706 Cu-Ni

migrate and adhere to a negatively pipes were pretreated and maintained as
charged cathode. It subsequently indicated in Table 1. Pipes treated b,

spreads over the entire surface to form with ferrous sulfate we e exposed to a
a nonconducting film that impedes elec- 50 ppb solution of Fe for 48 hours.
tron transfer between the copper and The solution was prepared as follows: a

dissolved electron acceptors. Since the 20% (by weight) stock solution (pH 1.7, "

corrosion of the copper-nickel alloys stabilized with sulfuric acid) of fer-
in aerated, unpolluted seawater is rous sulfate was prepared the day it
cathodically controlled by oxygen re- was to be used and diluted to 50 ppb,
duction (oxygen is the electron accept- pH 7.7, prior to treatment.
or), the FeOOH is a cathodic inhibitor;

furthermore, Hack [201 reported that The cleaning of Case 4 consisted of a

continuous FeSO injections prevented soak with a general purpose detergent % %
sulfide-induced corrosion of copper- [22] mixed with hot tap water, a flush
nickel alloys by stripping corrosive with tap water, and air drying. The

sulfides from solution before reaction extensive cleaning in Case 5 consisted
with the pipe surface was possible. The of a soak In a mixture of tr-sodium S
efficacy of FeSO treatments has never

4
been evaluated as a means of TABLE I. P!PE TREATMENTS AND HISTORY \-.
controlling MIC.

Case 1: Installed without pretreatment, -. "-.-
Both FeSO 4-treated and untreated CDA allowed to biofoul (2 months)(2 weeks),

706 seawater piping systems on U. S. stagnated and then exposed to continuous
Navy ships have experienced premature flow conditions.
corrosion failures. Most of the fail-
ures have been attributed to turbulence Case 2: Installed without pretreatment,

and impingement attack. However, some allowed to biofoul (5 months), then %%-

failed sections are characterized by a treated with FeSO,. 
-

nonhomogeneous, nonadherent surface
film with subsurface pitting. The Case 3: Pretreated with FeSo,.
surface films contained calcium, sul- '1
fur, chlorine, silica and iron, in Case 4: Pretreated with normal shipyard
addition to copper and nickel, and cleaning (soak, flush, hydro, cleaning). .

accumulations of microorganisms [21).
Case 5: Fabricat ted with bends, braze

In an attempt to understand the failure joints, socket and bitt welding (exag-
mechanism in such pipe sections and the gerated cl eaning).

100
i'ii

% .% %. .

%-- %.
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PUM fides were measured biweekly using a

modification of a method described by

Strickland and Parsons [271 . The modi-
fication uses a 10-cm cell to increase
sensitivity. The detection limit of the

modified method is 6.5 ppb. Total sul-
fate concentration [251 was measured
bimonthly. Total organic carbon [25]

SUICON OSE and ferrous iron [25] concentrations 0
were measured intermittently. Micro- .
biological analyses were performed -rA
periodically to determine the concen-

tration of sulfate-redicing bacteria in
the flow-through water using the Amer-

STIANER -::ican Petroleum Institute technique [281

which involves serial dilution in an-
aerobic bottles containing a nail as a

source of iron.

Figure 1. Flow diagram of dockside 3. RFs,!ts J.,,

experiment. %
Water temperature varied from 90 to

170C over the experimental period ex-

phosphate (Na 3PO 12H 0), [23] general tending from September 1986 to April

purpose detergeni [32] and hot tap 1987. The pH varied from 7.4 to 8.2. S
water. This mixture was introduced into Chlorinity varied from 4.3 to 20.0 ppt

the piping system for 12 hours. The Cl . Chlorinity can he converted to

system was flushed with hot tap water. salinity using the following relation-

The pipe was then exposed to a mixture ship: Salinity (ppt)=1.806 Chlorinity

of citric acid [24] for a period of 6 (ppt). Total suspended solids ranged

hours, drained, flushed with tap water, from i1 ppm to 65 ppm during dredging

and air dried. operations. Dissolved oxygen varied '.•-

from 5.2 ppm durin, September to 10.5 e

Pipes were maintained on the Westbank ppm in late December. Copper and iron .,. .,

Dock at Ingalls. The intake water was concentration'; in the river water
from a 22 ft depth and ~aintained at a fluctuated between 5 to 70 ppb and 150

flow rate of 3-6 ft sec , as indicated to 906 ppb, respectively. Dissolved

in Figure 1. Sections from pipes 1-4 sulfides could not he detected during

were removed biweekly, preserved in 4% the experiment. Tile mean concentration

buffered glutaraldehyde, and subsec- for sulfates (SO ) was -2500 mg/l.'4
tioned in the laboratory. Surface Standard plate counts idfcited bacter- ..'.,

chemical analyses were performed with a ial populations of lxlf ---1 - per cc and

KEVEX-7000 energy-dispersive x-ray a sulfa e-r9 ducing bacterial population

spectrometer (EDAX) coupled to an AMRay of 1xl0 -11) por cc.

1000A Scanning Electron Microscope .%
(SEM). Subsections were sputter-coated The EDAX spectra (if the ipe surfaces

with gold before photography with the were essentially identical despite the

SEM. Case 5 will be sectioned at the varying initial treatment. Pipe sur-

conclusion of the experiment, faces were predominantly copper, nick-
el, and iron. A s -ple spectrum Is

Water samples for chemical analyses shown in F igiro 2. Over the 8-month

were collected at the i;itake depth. PH exposre period, i!i stirfaces exposed -. ¢

[25], chlorinity [25], dissolved oxygen to Pascagoln.a Riv-r wt,,r accumilated

[26], suspended solids [25], tempera- silica, phosphori,, -ii! fir, chlorine,

ture [25], total iron [25], and total potassium, and cal, iimn P -ie,. 3). Pipes

copper [ 25] concent ratitons were noni- 2 -rid I hA shl t,-2,)r'irv increasek 7

tored weekly by I n.al Is. Dissolved so I in surf ac Fo i mue, i ito v afte r hatch

le .. . -•..

- -.-v N. -_ N A
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Figure 2. Representative EDAX spectrum%
of pipe surfaces after initial t reat-
ments. Figuire Biof ilIm on exposed surface of

pip 1.
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Figur 3. epresntatve FDX spctru

of pipe surfaces after 6 month exposure

period. Figure 6. Biofi Lm on exposed surf ace of
pipe 4.%%
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Figtire ~.pipe interiors after 0 months
exposure. P i)it e. B) isters on p'pe'
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VArs on pipe 2 - -I

• f exposure. Well-defined biofilm, de- % .%

. veloped on all surfaces (Figs. 5-6). ', "

.,Within the blisters found on ipes A*.

- and 3, bacterial cells were observed
(Figs 7-9). Surface pitting was found
veoe.o l sraes(is 5-. '.-

beneath the blisters (Fig. 10).

'€" 4. DISCtISSl[QN

SIn the dockside experiment reported
here the impact of batch FeSO4 treat-

S,. .ment in the presence of microorganisms

was evaluated over anl 8-month period.
The straight lengths of pipe mainFained

at flow rates of 3-6 ft second were

designed to eliminate the possibility

of impingement attack and to maximize

Figure 9. Bacterial cells observed with- the possibility for microbial coloni-

in blister on pipe 2 zation.

The mechanism of accelerated corrosion
of copper-nickel alloys in sulfide-

treatment. However, this increase was polluted seawater has been summarized -

not evident at the next sample col- by Syrett [4]. During the first few

lection after two weeks. seconds of exposure to sulfide-polluted
water, a thin film forms on the copper

The appearance of the pipe interiors surface that is primarily cuprous

was markedly different after 2 months. oxide. Cuprous sulfide forms soon after

Despite the stagnation in pipe 1, pipes the alloy is exposed to the polluted

I and 4 had a tenacious reddish-brown seawater. The chemical composition of

film on the surface. There was no stir- the oxide-type film Is variable, but

face pitting on these two surfaces. its sulfur content never approaches

Pipes 2 and 3 were covered with a that of the cuprous sulfide scale that

patchy, flaky, green film characto i,'/.ed grows on top of it. The Initial anodic

by blisters that have persisted over reaction product is Cu+ ions that react 0
the 8-month evaluation period. Figuire 4 with the dissolved sulfide and precip-

shows the pipe Interiors after 6 months itate at the metal surface to produce a

~.1............... . .
,'.%

v~~~2 2,.103 %''



porous bli,-K scle iTe c-,athodic reac- Local ized p it t ing of copper alloysr%

t iof, H ion rhit ati ), oCc'irs at the under microbio logical colonies or tu- -

bound ar v1 .W I t )x ide-type and be rcies; has been c it ed [ 29 ,301. Others
stl tide I Ive r oi-d iKr diCeS CdHi ionTS [ 3 1] have reported the corrosion of

that ca an ro, t w jt e '' iiical ly pro- copper in the ,r,;re, 'c e o f so1 f ate-
ICd 1 ,r iost oif the. r ed uc ing bac terI. 'u t fat e-reduLci ng

K r it h e p u rh poou bacteria have bieen slh-,w-i to he respon-N
Cko sl sil! o the cocro sion of copper al-

tig of the lovs in underground pi pe installIations N. %

I!,. rt ,s -orro- t hrough the product, ionn of li, 1 S , which -r
Kr L, Ic t cil im it ed forms a salfide film -)n the s'iurface of

to I r e ' -I!,s the the metal Sucti a film is protective as
* i st.long, IS i t is! coin t irtnusoj . Breaks in the

f ilm , howevr -, e <pose L?-reas whe re p it-

~-,~r1-Kii 1 eAted sea- t i ng ran (,, ur . B retaks I n the wet-

K- r~i . ~ oi Kied , ae r a t- srcef s npes2and 3 were ev-

-i-,'t: ro tlo rate, iden t aft er c - 0-,th ex po suLire. Surface
rt in- p)i tt in1j was oC C T ud e r h Ii istc-rs on

it fuin g t hes e suIr f e.cs .

T c1 cor- N

prodc To ta l i ron cookenitira non in, the flow- ~ --
I j11ie L Se ILr is through water vario.d tfrom 150 to 900

t with ppb. Of ;his amount, 6-5 ppb was shown , W

to into be Fe- . In the organic-rich water,

(), 'm- I~nIn the a majority of the t ,Eal iron concen- .

sIt it ir t y-tNpe c salIo tration would be exptorted to be col- *

Wi I cI it ivCeK' low Io ida I -FenlH1 121 . s ince oiot

rat ;kil tide to are consumed in a rdor of decreasing.'

e I t I J! i n v- nine energy product in ptcr mole of Organic

thui --. -n the thick carbon oxidizeil manganese cxides
ni. a h o ii~cbe -nitrates ', i ron oxides ) sulfate)"

anid I ad- L Ba r ei aIr e as [33] ferrous i roni would be produiced in %~.

r epa-Is si vat Le t or - ,,;Pi li: _ide. the flow-throug,1h water before sil f ides. %.J
The iron in the tiow--through water is
present in concent rations IIn order or

Watrben--~ tt h -eas- Magnitude greater than t)hat introduced
u ir ed i n th ti v . i v a PRive r wa te r bV batrch t re a tment?1t . 7- d sur c h c i rc um-
during the ii' experiment,. StanceS it Lis unikel that watorborne*5
Sit ide-induco -' -r'i i'~ i n p{PO ilub tienl1as r~lf
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Validation of Nitronic 33 in Reinforced
and Prestressed Concrete ,....

ABSTRACT Nitronic 33 stainless steel (Trademark of Arrnco Steel Corporation) has

a unique combination of high strength and "onmagnetic properties which make it an

excellent candidate for use as prestressing strand for concrete waterfront structures
where the magnetic properties of the carbon steel commonly used for prestressing
strand are not acceptable. Before Nitronic 33 stainless steel prestressed concrete 0
waterfront structures were constructed, it was necessary to establish the corrosion

performance of the Nitronic 33 stainless steel in manne concrete. A test plan was
developed where a series of tests which compared the performance of carbon steel
to the Nitronic 33 stainless steel were to be performed. The time tn initiation of

*' attack wds established as the critical pararmeter for the eviluation of the test results.
In each test, corrosion of the carbon steel initiated prior to the initiation of the
corrosion of the Nitronic 33 stainless steel. In addition, previously emplaced full

scale pier pilings with both carbon steel and Nitronic 33 stainless steel prestressing
-" * were inspected. The corrosion activity of the Nitronic 33 stainless steel prestressed

piling was less than that of the companion carbon steel prestressed pilings.
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presti esse o -oic(-retet st r ueet ifret It has b~een well tes ta1)1t I she t 11 1t )I) rete
st rucetefres , prts t ressed aild reti if frced ((is i rig ca rbon s teelI , t.in he
success f ifI Iv rised( ift ma r inef errv roriment s .lTi s (Ii ret L 1-ipir1 sr11 (d

oorros i on belurv% i or tar 'Alre usei t) Assess Whether )r sI reot litrc1111 -t I %h .r%
t,, ig Nit ronii c 3.1 prest ress jog mdro reinfrctring (an be sit( (essfi e I Ilv ise **-cd~

ill siiii I ar e'v i rtrtntertlt s
Ft I 1wev-ot elftorts to extend tile tirrat lonl of the ea rrwoll tests , % -

performed to dlate and to establirsh Criteria for con, trieet it', iis,,piet i )i %,

mra in rt iatn(te . antId repa i r o f stLrucL t ores fab1)r i ea, t el its i rig N i t roil it 1. 3
s Lt iri It.,ss stL el a re a I so i deniti f i ed arnd tiescr j bed.

DEVE ,()PYRFNi AND APPROVAL. (_F TEST PLAN AND1 PRESENIVAl ION (F I NTViKR It RE Stl'.TS

lDeve IojtrieriL otf- tit( test p1laft for this val I dat ion owas iot t a ted 'm
14 Itit 13853 A pre I iminary test.1 p lit was revijewetd bv thle Naiv.t I

ic i I it i es Vngiinei Cooianil (NAVFAC) Code 013, 04., 05, mid 07 repI)i r-

sentat Li yes dier i rig meet i figs at NAVFAC it 2(0 Jurie 1985 . A rev ised test%
p lani wa s rev i evel ,iby NAVEAt; Code 04 rep resenta t ives, (titr i ritg a mee t. rig a t
thre ,Navajl C ivi I Erigi neerinig Laborattry (NCELJ) oft 26 June 1t985. Thlle tet * .

p1,art was forwarJded to NAVFAC byv NCEI. 1 tr Ser 1,52/908 o~f 3 Jo lv 1985 for-
a pp 1 r (va I .NA AVFA C I t r 39()02 Se r 03 2 F/ 3 9 0 ti o 2 0 At ig tits t- It() 8 5 g avec t i vna 1
app rovalI of the test p1a at aidtI direeLed NCEL to proceed wi th the va1I ida-
l io. Un, i 17 Sep,1)t e mb)er 19 85 a b)r ie f iitig o n 1)relI itifri a ry r estlts of the
va I i datL i on was resentet t o NAVFAC . I'lue results of the tests to that.
date were tencouraginrg anfd it. was lel-eriieil that the tests shoul d pro- *

cet as pi I aredi A hri efing was presented at NAVFAC oft 17 December '-.

1 985 to Itresent finial test resul ts andI to serve as a bas is t or the
dec isio(tn to) jrtiitd wi th contst rutioft.

PREPARAT InN 0OF TEST SPECIMIENS

Al I lt sprecimients were cast front the satie batch of concrete to
reduce the eti1(t itt ofvariaLljorl of concrete oir the corrosiont behavior of
the etitetbied metal spec imerns. 'The mix des ign for the( corterete was
dIev eIo pe d by Inr. Dirig Bitr ke o f NCI w ,i t Ifconfsulf ta t i,ii f rom M r. Bo b La Fltd igh
of ABA11t Consut I t i rig Erig i iree rs , Tre omia , WA. The nix desitgni was devel oped
to represenit itti gi qta I i t v tortcret e o f t he t ype to ht, spec i fti ed f or t-ort-
s t ritj( iti offo t he le.pe rillti rig f.1t i i t ies ill Sart lt Dego arri, Kinfgs Day [ile
fiirx ties igni was as f oIlo ws:

Ceitteit - vpe If 8.4 bags/vt

Wa t cr 3 7. 9 gaIl/v
(U/ C ra t itt 0 .40)

Sand (Sari Gabriel I113. 1 b Ivtd

Cotarse aggrega ti'
(Sarif Gab)riel)I
3/8 ilntnmaximiri 1,)20.4lbv

%r
11

%9
% % %



-A i -xt. . . . . .if re ..

(SikaP* Mi 120
2 0 0 5 f I

Adumx tefre aditr i)

S I m aI11 It t r d n 111X t lre - 0I 111

The Nit ron i 3 33 mate ri a I was turn ished by ARNO)I Stce II' I j 14 it i (ri

AllI S )O til' (Im rS we re c it L f roi thIte sme f t oic (I of ini t tr i ( I'lt .110 wi t, ' irIIt t or

wa s 0.18 75 1ifnch. TheccI (ei i I c oiplos It 1() I I Itlt' IIt rI Ii .I s t ter-

i nell by ARM('( , wajs ajs t o I I oWs

Compos i t in oft N it roil I t 3 3 lest ti 10 I-

F. I ('flivit

Ch rIalintI 12. 2J,

Nike I31.48

Si I]i l 1) .0
N it rogeltio

Ca rholl 09 19

Pho s pio ro11s .0)28
SiI iphin r 0 102

The iflt'h.i fI ca I it r (le r t es of t ik' N It rI t 3 5 t lI IO It t~l f I, re ,

a s (let e rm ine] Lv ARMOI) , we reI' s fo Iw

U It IIniat e t ens I I s t renIIgt ii 1 Ib .000 1) s I '

Y'i e I(1 s t reiigt I1 1I 6 *006) n)
F I ofig. t i o11 3. 1
R ed i ct I o I o a r ea 7 0 . %'

I rIin es s 2 t, R ~

The sti lesv,,s s t eel t es t it crj I I I not t he oinp Ois i t (I tri i st rerigti Ita

reluIi remeits of AS. M Spt if it i t i on A)80 , G rait deX1- 21) Il I s Spe' (i l fI t ion

can bie iiseli for- pr~cuirt~eent of tire for- prest [('551 ig "t rIl) with thlt

aid i t ii,i I rt'(Iu I remen'l t t lita t tile' I I rill k on tent o'f tit he 00 r s loll Ii t be
helIow . 048% t o instire adiequiate we I dli ) ty11

Th aro str3Ii I wi re siltI imeis, tSort' (eilt(i til' I I- e llil I~r('st ress i*a*

str f( nILIn TM Site(i fit(at I oil A4 16 . Th is i L te s t Iritai 'I ' ' I It.] i- -

t )if for prest ressi fig stLran.i t(
BothI thle st a it Il e ss s tee In I c(Ia. r hn itt ep I wire , pot I mooes WCIt, tItt

to( a length of 2 2 i rik-hes and st ra i ght oried ias iss IrV i'lle slick I nI I!P

t, vere de'greased ius t rig miller,] I s 1)1 r i t s t o rv ilio v v till' LII 1k , til tlt dIi , i ng

omp o Ii IId ('Iif t Ii( c ,i r' a iftIi r II wI t h a 1 e t o IlIlc t (, rein "Vt a1 I ii111.1 fi Iri

s su rfacev (m t a tii it I(ir. PiI - s tof s t ra if(]s o f t Iif, sifilt' ift ctI'I . II s srt'

.1 JI fit'( I Itl (111 oS iI t I-rid spec't ivtii s us I rig il epioxy limt t I rig k lt 1(iiiouni tI he

list InItto 4- hy 4- iby 24-ih o [1 o(Ii( rett pr Isms i1s sh,-wil I. it -1gu ro
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.11il s t j u t spu o i ri '.I' oIri j~.il 'I he i4rig) 8 ninl for 0 14 ti (' 4 [ t I s . 1,

C 4 -11 ntdI Ith 1 I~ sit h i L he w L i t' t n~ .2. I- I-m ,er ]s d I uLerl w tI( e gLI

ItI(, ( t, 't I I L tI L ea I -Ifr I[g [( a t hi ep n~ r we rr p1( (1a1t I I, .l i di s o lam u ta ige
1in 7 Vtil r t, e 1 11 I t CL' I15. I I I L~ I I t ' S't- I I II LIt I, r I l r'S f .S Iant o,

(uiril a~~~ ti re.g i1 -4- tin t -11 est Iiini Iir( Ise tI i't'il( t n rt s'rg f

II - i r et e iut if rie 5914 psi

I 1' 4- 1 '; h~ -4 b -- InI ii Lts t ) '- sinms wh i cI i t e 't) ei ira k keid we re%

p re'.red II. iv si i 1 /2- iri-l1 m/ ltne~p 1- 1ifiti-%,I(I "de 'i k st i rt er'' notc~h
In Lii (I4 ''I upp t t' f I i'i ' of L iii. s ip Iilmeni ard thlij 1(4,i(1 Ifig th lispec imen

1- gint t t L iinwiis 1. rt i' r i' hvt try si lrg I isoii t 5i( sen L t ((445, (Ii 1) 1 1 ig
t ur444 sliwd( I\' \13A'I Coinsti I r ig F'rigi iters , Se.1t t Ie. , A . I u S' et L orI ( s
,'eri' f ilir 40, c Lii h'.' Crdi ret e 'Ii e(Imo( I gy Ir', li(441 LA*.n ee Isl'

ti (I (ilp,]il' Li' sw 1'eS S rit'lIixait I -rifI fiiai.it' Le rust t i L f iii Ni 4-t i(-1 33
st'i Iin 1 t s t -' I p'risL re,-,s i rig 5 L i'iiiil wI it 1i L ho(5' f( tI lii((i sL i'ie I. .iiA' -

i(Li (I WS 11it' I, t~ig((ii~i I Irild ir(,il' l l 41 v' 16 Ill ric es %Ide .i i 10 fee(L 1(Iigly.
lIf(' si'oA I()) It i s t 1li'ssidii , I sig N It irllt 13 s L i iuilts steL II hijs 12 pre-

sL t Iesii s9 t iInils iwii''i the( sic-t roll Ipi-stri'ssi'1 lis r ig (I rt,l n stielI ha s
r(. ii-t 14455 g440 t. i'i4(15. Tihe si'iL ((I4 Iiii'5t I't'5 d %,I L ii Nt (L ilt( 33 h-s

N it ri ( Ill st i in ie s t tI' 5 -j I I-( r i'jil tf t'i . fLIi (1 "1 i t p' IW s1)e I I Ii'ri

t it, sjii'i inii'ri ( it t I rom tL4 tic I o sti'i I pristL ('escd' sit 1'ii 1hive, onei

le t Se I' i I r o I' t raf((tiill 1 ii If('li i nt, iu %%r.I' [ I('( I juts o I

I ~ i~oi oI lit e I. let irrr It!e the (litflh ian [t111wv % I It k juuIl it ji, I'l ig si'li -

'I f t loS ei ra 4 si No .n Ii i' t rk LL ri' I I nII v o1 i ii ri' II t Ii iS I L V

of hut if t rbii , st-iuI inn! N it roll I ! st I I IIe s s"t el r in I. md 't . In,i t t L iii'
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ti 111 I t-t TO lt ti In t IeLhe re I at i vt to I cera It I,l i thou I
.111d .i IN I i-Hn tcra i il Ie emeiiliddetd Iii conore t(I to i ricreed rol u u

Itic tii I lil il li l~tLI lset4t' hog h iic(t .'*qJ

* Ni t IIlI ic I a

lt 5')ct up1. HI h-appa riL ts usedi to det erm i ne t he res i s tajnce o f
!,pt' llilis clilhcdehit i i tinucrete to iccelerated ion migration is shown in1

-I go re 10.
it' V(1 tI .it iilpi55' icrl'Oss the tes5t t'e' I to dlrive the ions by

iir LoIrk plo ci':; I ,,k Ia a lj ist ('i t o gi ve a. voltage gradienut of I V/m jcroi ~ss
the test slot( ;Iiitli Lieu test, spew, men tconta ined one probe o~f Nitcon i ue

St tIin less t en I inld inc p robe of ea rlon steel in 0orde'r to e Ii mi nate anry
t't tects It ()(()Itr! ,%'.I vr iabIit v.

le St Nlei jS 11c 'icr I I. RelI a t ive. t i me ( i on iIc reae i s p1ropo rt ionalI t o
t nI Ie when app 11 et 1 i I t aIge i s p)resen, t L f orI ileplas i vat i olI, f t bet embnedded b

p r obevs %Z

I .T' m tol it depilis Iva1tjOWt 111 wit di I Ihis ionl pwot enit I atI onl.

2 R. KmS t a ju it s(s " ste cISpec imen fo r t i ne needed Lo leias s i vate
*caj rbo s teelI t lhen ho IHI in seaiwate r w i t houit (Ii f f lsi ( il voIt a ge f Oc 1) lays -

t (- e t e rm i ne i f del aIIvel deji s s i VatL i ooi o cc it rs . l)ip I1 i ea tev runI ts we re mole (I e
*for each test -orud i t iOn arild ma't er ia I

To talI Sp-c imens

Pr ob)es 10 c ks

Cacm i'oiSteel 42
N it rori c _33 w/c reIvi ee 1, 4

'les t ReSi I It .The to IerariceI Oh Nit cciiit s t aI in lIes s steel to ion
Ii i g rat ion)i wa s siihst t i I l Iv grIIte r thIa 1 thIa tt1 c.I ubou stLee I F i giire 1 I

*show;s a t yp i ca !po tenlt i a I ve rsuits t I IWi' curve fo0r 1i in Iiig ra t itoll testL
In ri. Af tecr i pp I imitLelIv 2001 mr, , bin wi vo IL tge'1 Iit' 1 ,I k crtlss t lie

* e I t he ~ arhor s teel b'ame actL i ve as i nd ica ted by ani decrteaise i it
Iwotenttial I. 'IeI( Ni tLrorli c 13 sL itIes s s teel, rteiiiained pa ss ive f orI
1000 t ow ;rs

A! ti' r I h1) 0ihiurs oh test i ig k, it h the pote('lt i a I app I iled t tie c Us ts

ri-isti i t he t), iks, [hi' N it ull Ii c1H spet i mens shiowedl no ev idence, otf

,it it k As :liowli iiIit Fti goIre1 12., th act c I)o n s t cI, I shoI )W ed tI isl it w, IIS1411 ,1)11
it tik lill t hi ' Nit lo)it I I s tI n It's; sticeI shoed oIi it tatk

d.-' .1 _" .a '- . "- .........% % % % %
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'rest Series No.3 Pr opgat iot Rates--

Purp~os of Test. To determine the re Iatjv iv rates of jiropiga t i on of t
corrosion of ci ron steel and Nitronic 33 embehdd iii oricrete. under -.- '
conditions whi ch will cause corrosion Lo initiate.

Test Spec i nens.

" (*;i rhon steel
" Nit ronic '33

Test Setup. The test setup for the determination of corrosion
propagation rates is shown in Figure 13. The concrete cvlinders were --

cut with a 1/ 16- i nch-w ide saw to a dept h whi ch exposed one of t lie two '--

test prohes. S

T'st Mea sureim'nts. Corrosion current versus time measure(d with a r

zero resistance ammeter. Corrosion potential versus t ime .

'es t Conii i ions. Seawater i mersion. l)uplicat t spec.,inens for each

mat eriil.

T ot a3 1 Spec imie us.

Prohes Blocks

Larton Steel 4 1 •

i'oti 1 /4 %I'otai I "8 4 ''-"

Test Res I t. TI t, orros ion uriritiL for th(' ci trhon steel increased 'A 0

rapil y at tle start of the test but eIll to appioximatcly 40 microamps '.,e .

at ter 0 hours. The( Nitriic 3 stainlss steel remained fl ly passive S
at 'r t t T 100(0 1 ,ith iors m i k i isur bIe r ire nt t low. Figures 14 and 15

show the' ti.i1 .1 m l ci ersuis t ime for tOi cir-Ion sLte l aid

Nit ronj( H stajiios steel spetii'iis.
Iii test 1)i1-,I 1's w''i' ri-tllv I i on) tI Lt e t )st ot ks It ter 1(00 hours

oif test expios t i-. Iti' Nit ron i( 3.3 :;t ,i i l cs. st tes t probes were not .' - ,

At tjcked . II' I a1 i i stLt'c I tet L ro t's slto%'d tns i ifdi h Ic . sIIrt.ce
;jtta( k. Figlo i' I h n ws L lit' olt lit i on I t lit' .j rhon st ee I ind Nit ron i c .3 13-
st.] I ntess s eI plot ts atI ter ltiO0 holts of I 'xp'sii re ii tLhe 1prt ,i ti(,gAt i on
r a te ' t 'es t s .N . ,

AS'.% .% .%

Ii'st Scr it's No. 4 - liell. snv, innol at ClstI Ci -'ks

Pu rpose (dI l(".t To dtterinnt, ttli' ri'litive suis i'pttl il it\' (ot titl%

sti'' I rit N It rlll 1 ' i ',ll t'ic i i tnt l (retc t' t (i l,.iss.iv.tion ill the " .
C) )I'JII t i yl j , k ill tht, 4),m(r ;+t 

'  
,lijt h t.js opc'lld dtl t(] I'loseIt+ cl"

lest ~j'le

2'

e.

Ir~~1 r 1 '% ,-



* % %

'les t StrtIjI, [lit t t tn lifIi' evalIititi(it F l~d s si \,,It ion it ;

C lose'd crac ks I s showlII in Iire 11I.

'l est ton itIils iaitrepsoe fuI i crate specimens for cea It

Iiia t Ir 1 i I

'Io ti I Sp' 1"iui'

(', rhoi s t el I w/ cirevi ie %4
N It I-ni I 3 w/t rt-vi i' 4

l estL Re S I lIt. Noit fit, r Lfthe( irhor s teelI no r thle N it ronic 331 st ; iin-
less steel leltiss- ivatetl it ( s I t c- ai ks (lit riiig the tillrat ioji of thIti%
tecst. The ( orri)s j ()Iii po tenit i a I vers-;ns, t iime I or the ca rhI)oi sLeelI is s IIown

li Figure 18 anl t ie( t-mirois ion IntLentia I for the N it ron ic 313 sta in] ess,
steel versuns t init is, shown lit Figure 1).

'['le test 'I rs ill t hese Sl)oc iilit'ns; were reci 'etl frcorn the test It tiks
aILe r 1 200 huni i s o f expoiisi re i[Ii t li c it, )ias s i %,I t it ;i at cI o sed c ra (k t es ts
Neither te itihui st~c nori tht Nit rtmiii 33 s t i ir IlIss ste L p ciiiens
showed ii ny t t I kk

Tes t Se i- I N! %( on - Ic i I) I t ; i ,it h I' I, iar it' c it (" I wsel t I'dI c.ksS

stclr md Nit 'let 31 I i letci lit' tit e I to i xet-ititic itt ciiloni

re suit t i rig I riii f i I (itt us ioln (d sejo%. it c r in [I t ie I t('co:) itt t in1 t lit,

prsece t SlIel tric

lest Sf-t !11 tihtusotu it it ' ilil'ti m t 1(1 (11ti

were ~ ~ Nise tl I i k i oi. t rtev( L o e t ~i g d ii tiIi

e e*

thc s~w il.*~

Fes 1(- j ; II I(,mw it p, "lt 1 11 v ' I I I t 'u

Fe s I , II I I , I I I t , I 1 1111" 1- o m -

T I it( lc~i v~ L ti I tIt I It Ius ()t p t tM I-I o9

----- ~' . . .

. . . . .. . . . . . .

7. .* . -.... . . . . . .
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('. r h oi ItS I , re (

N It roiri I I./( revie 'a c

Ies HeIi Ls . Flie ci rii stee(- I spec mIl nw i ae,)ss Ivajtet aftecr an [I
aIve raige 1t 2 hoIurs of . ppi je Ift- ir re IitL.' lic Nit roniiLii I stils IIIUS SteelV

Premai Iited passi vec at Lc 1 1000 hou~r-,o it pp I i cit cm icrit
tue tst Li1.1 s 1 1 the'se spcilrrens sect' I iiivei tfcorm the It est h I oiks

t) o d et e' riii jiIIcL liic i rf I( ice coil it i iii . iic N t Li rol 3 3 s t a Ii Iless steel
sp~ec iiiei H toII i S1 ioC~ II)At tiJck . lTla ( I r1)1)s1 te I LestL Speac illietis show)edi
conIs '6dc rib 1) 11 s ii I -I ici . t tic(k Iiith c e[(,i it t lie crac(k .

e stL Secr ies uo. 0 - R epa; ,s va I Ion ItI. CIo set C rac ks

Pur-pose of Ve stL. Toi ieteriniie tin' reid ive abi Iitv of c irtion steel
diii N it roil i c 3 1 etriliedded i ii (-oil rete t i icliass ivaite ini the presence of a

I ostit c-ratk iI t ciii-ros Iiii iiiit i it ('5 wiieii t he cra ck i s o)pen .

le St Sp)ec I Ien TI S .

. Cal choii tee( I s/c rev I ce
0 N itLrorij 3.3 s/ c rev ice -

Tecs t Set 11p . [le tes ;t set up fo fi Lhis sei i-s i s i I ieit ir ciI t o L that
s hown f or itepis snwI at Ioi naIt open i ric ks ( gn ill re1

r e~ s. It o dit i olw, . ()pr'ri (r-car k wit i I i. rw Iic o n ii ini it i att is ea s [I re

t ie t o ich j eve celi s s i vait i on . i)liii1 1i ate iitiiis wer Imot'e f orI test cond~ i-
i n aid majt e ci ii .I

,L i I Slick ilruns

P' riiies H- h) L ks

t,,i ibml L t i I , (. 7ccv I ta' 4

N It roii I r/. evi I ' 8 -

Iot 1 i 12

vi t ,i at pi ir.Iit ks ei d it [ I, IIII .III I t Iiiw test III Series No I. t %J."

sis [lut 1) 1 h I t, t lila kt .1 r iu Iiiiii ;o l fwtwI,, r co i i i(. irhii s tI(l .Ind
Nit I )iii I ' t :ti Iitti'cI ti lI til It i it ht rei1 ,iass iatiC. I tit,
I iii tll t.I l" '. , sIit''i sI t I~IIi ' hoii i f I I wiiig ti cat I k is, sfo'sii

i ri 1, i gii tre 2 .

e A

1 26
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Te st S e r i e s N 7o - I. , . + t WIIIt liiti I I

-.. .1
I'l rjto se (it Itst I() t' itt I tit ii tli 1 ,I ir,, p t 1.1 5 I I tv I

carh~on stee l and Nitron io. i+ i il wd, dl,, ri ,,i, t, . ,i'+. l.t ,i 1, 11"1', '._i

the presente ot (racks in th t tik r, t, , . \.ot ill i ttli'.. .

Test _Sp eieis

* Ca rton steel w/ c ilev' it

o Nitronii 3 ./ cv l o.i

Test Setup. rhe te, t setup ti ,ht r it ll .I , i,, i l..i ,i t

open cracks is shown it) Figure 21.

Crack Widths. ,

1/64 inih nc*-' -t

* 1/ 32 i l¢'h
Sl/ It) inch S

0 1/8 inch

re s t M'ea s ureme it.s. CI r,,, ,+ I, I,+ I I1 ,, , i, t ill,,. 1, * , '

Test Co nd i n( st St'. i I. t,' i l ii > i ,ii i i t IN ll

material jnd crack 'W'idth. •

Tot al _Sipecimens.

C a ri )( s L ( I ti k,1s
N rt r t r ,i i ' t- t v- it
Nitr<rie Ii li.,t t'\lt ' I " .. '..

lest u I , , N' , .. .1

de pa ss a tit o f itr tit , li I t i ,t , I t , t , I !I , , It 1- 11 t , i ,

w t th t -inch ov .l I. it 1i i1 1 mill l l iiil ' l: I i th, - -.

wit e cra( k, 90 i t i v,, t t, i li I I i wi ii , ,i i t t I .
c'raci(k andll 180 hfw u ;r <, Iol t fit, I t +lt, I, , ! l + + ,. ,t i." " ''

{tit r!8-i'ch-ki' 1 i ti I t. ' l i ii I hu.t.t' I , I ,

alid ti hter tr i k iiless I '' liii " li,,. t I ,- tl t t I t I t 1, Ili,, I,

it-e ter in - t ie ) S -tI I t1t ' - 1 1 . , 1: 1
N It ro ll I (i+ i+ t, t n I n I ,.s-, t, ' ! l~t I l Ii I i t l , l , : w . .

stee l Sp+' le'111 . i, l ',d + I+ , i [ ?! i " - - '''

]l uit li' , I it i, I , I

%S

% .% % .
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Test Specimens.

0 Carbon steel %. k.

* Nit ronir i .'.

Tes t Set up. The test setup f(or the idetermi nat ion of corrosion e

product vol ume is shown in Figure 26. -I

Test Measurements.

o Change in cyl inder diameter . . ,:5
* Visual inspet t ion of metal-(on(rete interface at end of test
e Weight loss of probes

Test Condit ions.

* Seawa t er i mine rs i oi
* Anodi cturrent f rom t)ropogat ioin rate test t. .

* Tr ipli cate spec 1mens for e.i h material 

Total Specimens. % d"

Carbon steel 3
Nitronic 3 3 Z% %

Tota 1 6

Test Resilts. As corrosion of tfhe Nit in i( I stainless steel did .,
riot fl t iate it the prop.ig.it on r-ite tests it was not possible to perform

the tests for the Nitroni 1.3 stainless st,'el in this series as appro-

priate corrosion currents could riot lo estibl ishef . e
There were no listllrtes I fire tt, st 1ictr formed for this val iufat ofn)

that resulted 1 i1 tit' generat , I , s i It I leit vollimes of corrosion . -

products to esLaul i any ( an tit Iis iri(,s rcgardi tilt etects of LorrOSS n ' -"

product vo I lime on1 Corros I Oil. % -. 'u

lTest St r Ies No. q - Fva I it ,ii of 1rest , s s ' P i I c Spec imenis . 'r

Purpose of Test. To letermliie tilte sols. ept ir I itv of Ni t ron ic 3
cad ( a rbon steel strand embedded In ( n11 retev t ofepass ivat ion its r ig

spe( imens cut from a prestressef test 1) 1 ii se t lon with ( racks ii the
con(-rete cover. Orrigi nal plalns to test lit speci'mens f rom the pi I ir-g

wi thourt cracks were not perf ,rief as ttli res istan(e to i rrosion liit Ia- .
tion of both the carbon steel ind Nit rorurc 11 statnless steel in spec
mens without cracks was I ike Iv t o be I ,nger than the t ime avad lable for
these tests O(r igil p t.irs test err( Ih st r-arod irn teie sent i t -on ti

f rom the p il i ngs were ih.hrrged siice It wis determintd that the strirds 'ra--d

we re electrii cal ly crrre(tel throrigh tile' .. lrra l wrap. It was also deter-
mitned after the ioriginal plans tot thus test that the spiral reinforce-
meits in the N itroni i staiulss stee,'l restressed pil i rg were

NIt runt I 2 sta inlress ste . -. .

%. %, %- %

-A' -
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re st Sp ec imenfs. Cuift f rom t es t p i I ig 1)res t res sel w I th[ o
s t raIn] i Ido c 1 ri)o i s te e Is t r an d

'rest Setup. The test settup in r tihe det erminationl o)f- the s us (cpll
t Il ity odt tarboun steel and Nit ronic i sta inless steel strand I I
s pec ienis cut frnom test p i I i ngs is shown n i Fi gure 27 . TheV faces and%

en~ds of t he t est se( t i ons were sea l ed w ith pa ral I fI ipr i or to tI I I I rig tLhe

re se rvn i r ow I th ItSeara Le r

1-o"t "ie~ it I!e1 Lts .Co rros ion) po Len trIa I ve rsus t ime.

lest Cnlld i t lolls

41 Se. I w~a t e r I mine r s I oil
* IIck %, lIft h s 1/8 arido It 16 11cl

Ilt I I S 1 tjo. II v I IS .. zbaI

S t rarnI (s BlIo ck s

I t l or I 1 2 %.

Fo~t 1 1i 4

lest kci I Lt Thet corros inn potent iaj I s versis t fille for the carbion
~t 1 i fid N It 1nl ('111 , s tinl1ess stee t jul pI rug sect i ons showed errati1c

h,. h'v I 'I I ii I ai , at t r ibfot ei to Ili more tofliplI x geome t ry of the

S 0, ( it eIns I tfi p I scnii i )f tilt sit la ic-1 ifif ni-cemeilt Will 1mu was expoIsed

hut ( )Iltvl w It 1 [ci I i i) 11 1 te t vair i It l (i oft (l(ve r liver tfie s t rand (s.

fire p lt enlt us tI ,i n I ILtc t hat t ilel e mayi be, I I imi te cir -ros Ilin a ct i v ity I it

holthi tfit, iii In t~lstill tI lld NI ttriuit ti iriis :stt't p rest ressed sper i-

Ip,'ii t ()nlip I it I oni of the f pot erit I I1 I icas iI remelt s ,the st ranilI .indl s[ ia]

if, I iflt or( eitilt l.j iS I cmllt~vc f [1111 theit t est ",lc mieiis . As s hown I il Fi glue 1 28
tit, i a nihlil st rel S t ral]liii.11 sp i r.il 5I shl el cojis ilierOble( sitI-i( e it ta-( k Iii

t til % V IifIi t v I f t hec (i I(ks.

f ie( N it rolle [ 2 s t IifI clms s t e ISpll rdi reir[ifto I( iemerit InI tit( pr I ilig
Sp~t inens shllwl~i sIcvcia I areais of incio ilt-nt attick. Ihe st inil1 rII the
5[lll Infis l~i, no111t it t .1 keil . The ( 111111 t I11111 Of t lie st ra lf a )iotsir I a
re I Ill I( ('ineIf t r s s hiwii 1 if I igii re 3J.-

les t fI I (.:, N o. 10I - Evali nat loll of I it~l I aP 1 e1 P I I I ing.,

I p) Io, oft I ts t . Tn Ile terI, - ire I in sir, -t tecrm 1 i, I I t-il1liittoI ) pci I ni kii e
Ifprust rcs!l.f 1i ru111gs! f ah r I tt(dIi I s Ing~ both ( 1u-hon steel aull Nit rolil k

SLt t1 it k-ss s;tv ee v exposeil Ii a ma rl ie st rilet ire .- 'I.

le s t Sp1.1 Iineii~s . 1) I 1r igs i il tlit, SEA- LAND pm ur e- P()rtL ot fj lalmai .

TIst SevtupI). 1TIf tei s t p I iii ig s we re ceva Iif a t e i is i I ug a d eve I o pme nt I I.
di yev r -hfi I if, s ifr it a vi -iiuljp rt fl] 1) robe, whi if meas ir red t lie flIow oi f cii i, en t

Iin to o r t miii t let sufa ce oIf the test pilings. The tecfliii (lit I s des I libel

I i NCEI 1,T1 52 -8'- 0l
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'Test lh'IsIi'llt.iilit s. t r-, s Ion litij r-irits -mi It rig r lin ofiltis I %

fells oi Lt lt , ) 1 f". L I l (.,- s t r f i i -,L! i , r eil irit rl 1.t Ii suit ,ul sti- -

V,]t I ifs s icf (t. dc ( t oit l 1 1 1 rigs. p N.

"]'('.st rtiXUl ti,,l s. Stiitl' l il lis ll t I iv(tIl tl illig Ill mli

teIst- pick 111g.IIt.

s t' ki s I I I t is t s i g I I I i t A I IL t .c Ie- t I st

i e I( - flt. i Ii t ri et I k tIi i rIges s tll I o 1 1-rii t ihit 11 e e l)lit ]-e t

I [ g F. t ri I I t t I I ift ( 111 ti o t L I r Vi , r I I It iI i 1 9S I- .ti ' t . 1

* lIt I- 5 sitI Ir Ii I i I IIr t C ) I (tII Avi LI tI t %l A tiS l 1 (ir. WC I i( i

t I tit, " 1is ilrr lti -i Le Iig ii t  s it S ('s i j lit,1. 1 ;I I Ic ti i rj uet L 1 1

t t he L I il in II Itiit IIi ii i figrlr Vli i iltrl i i

It i n . I rh I rIt I i s i rI t t. Itonli d fi I bo it h t V.s 1 i is k i igt i II- r o"-rig

t icri l'< L I ,h'l . t li L t S't t 11 1fi s , .tl t il e N I- I ,I d I " S 1); : tl n . .( ' .-11 e I-_19.
s I I . Lt d I (, t r) w I (i I, c ~ t I 1t, l in ll It 1 I p Ios l > I lu r ig it' i'F 1,11,11C I(c t t d w . ..'. '.

1) r( 'l i , hr Ll I li I y Itri Io, d "til-l'. " Iut\71 Kt i i t, I ( tn -l tfj tuI c I t il .-. .-f.-(.

t et l ln lst I iss t tI I ser k i rir ind t I t"-"w"nt I d [e I hus o

tj i et It i i Ift 2 1 t t 1rt98ti ; tl. t- 1ti j i 1g ' d IliL. l s t

tl tt,1,I' tl s) t I t int i u ', I s lI I Ig ' t i i r.l I s I lit ltt- 
it -.

t , t v i t lit itt I Iv I , n I i nil I i t, rI, I x II tl it i , ig.i-

N r it t ' t, I tiiii H ll I I t I .It yin,,i H L f t tI I v i -I I iI Ils sed ,

t,,) , h 1t tru i l~ t i ,t( t t~ , ttI- .in() tthk, I!s Il,). t\ UF,,i in ' ti[ t , "V,.

t f, I ti ] Jl 'I i tc Ii I[ e t It llt m I-e I 1 1,
I IIth fc I - p, I* I t m 1 11,r cl)sD t ~ v % , t I [Ib IX ) I Sl tu ttf I"c I I_ sI

it I- I c o t Ill-( ,,I1 ,- 1i' l l i I t lit- I ( . n l : 1 t,;t i-o ii-; t I s . 1 l( 1 fig L o l h I w e n
t c .i it In If t s . t Il n'.1w I I .v I : t ll l I I I Ilg I ] t h m ix Iii il I ,.t t n s v,. o...

%,, t ti< , -,' t,. : th l ,i l-t i t i I I th I i,' . ~In m- 11 ty .tl %, t,l lt , Ii € ,,..

I I -It , t I' i ' s h I V t t. I-lIItoi

1' .lr ' 1,( 11 t i t , f l tt ~t t l' l 'l] lt: ,l~ l i'I t 1 b l h t l' ',lb )l'-" '.

r.v ' tl l . l i t I [ v ,t '.I ,d' 1 ;lii. l titlh t h( 1 r1 1 uho nt ef I c-'li n4 It,,C S I.. [
I t I I I t l''tr li i t\ .t~ tnc s t ' .- ) , l, l 1r t~:u ! t,2 1h1t i S t •

I it t l I t ~ I i t, 1 , it I, :: r t ('i I1 .l t~ ll l I ,ll ' t ' I 1 1 Lo !ni , it 11 " -" " °-

I tr , . . I i". 1, , ' 11e itl , tI I .h , . I I i , I I .,, t i l it , t t r ( S e. II.o,

i t * ' p (. , , 1 1,, t 1 t 1 ;1 1 1 1 .. . t I t 1, t I, 1 -, , I I lit \ t , : l l ~ t ' it , 11. i o l t- I L vO"
,) t ilt tV I V I.t I t' It V tI , ,l~ : it tl(' , : , ': f l J11 I , kt. , 11i ) t ' I ] t - ' '

I t II i t II t :

I ) l, I ,t i lt I ,I , I I ii .' < u l i~ i i , I. Ih 1, l l ; 1,' t1 : ,1dl n c A\ kA- . '.'., s

rdiit :- in, , l l . i, i .,i i i tl, -. I' d[ t'~ t I,, tI, p t. L ;t -li" ": %

I it I I I r t I I t III I. t IF , I ti, ' II in iM t ' ll , l i II t lit t% , '

I.

t .. s. h ' I. o I l it.

I ' t'' .. . I , * i ' t.: l I-' t* *., -, . t !., . ,, p*S \'I* ,**ti*'"**- % *'

- .-. ," ,.

I .r%, ] I I f, A L I i ' t

< i !,, r, , , 1 . I t !, ! ! , r I , , i~ l I, I , ,1 i I, , , 1 \ A B A '1, t h i lit , .I ,I I."I

%. " .- '' %"% %
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was considered possible, partic ilarly as their prtsenlce was onfi rmed in ""
Figure 33 which shows a sma I 1 har magnet being sustpended from the tie 

wi re. f. -

The presence of the II n til iumber of small aron steel ts in 
the exposed pi ings is not corisidered to be signi ficnt from the stand-
point of the lifetime of the pi I ings , however, the use of such tie wires
shori Id he avoided in fit ii re cons t rtion so that i ispect ion us iig current
probes can be more read i Iv interpreted In fact, confirmation of the'

abiIi ty of t he testL probie t oi det ect such sma] I sites of l imited activity%

was considered to be a positive aspect of the piresence of the carbon
steel ties in the Nitronic 3! test, pilings.

IMPACT OF CORROS ION ON STRUCTURAL. INTEGRITY

Purpose of Effort

The purpose of this effort is to assess the impict of the type and
extent of corrosion which is I ikely to occur on Nitronic 313 stainless %
steel in concrete )it the structuril integrity of prestressed and reiii-
forced concrete structures. As the distribution, tYpe, and extent of %

corrosion of Nitronic 33 is likeuv to be sjhst,.uitiallv different from a

that of the carbon steel common ly tised , the st ructura I impa t of the
corrosion which is likely to ocrur (,i the Nit ronic 33 may aIso be sub-
stantial ly different.

Results of Assessment " %

The results oL this ,issessmnit are iilIiodel iI tis report is
Appendix A. This assessment was performed by l)r. George Wa rren of NCEL.
The assessment showed that tle st ructural iiiImpact , distribiitedI locl I ized

attack of the type nt ici pated Ior the" Ni t ron i k- prest ressed piling, .

shou 1( it oc t-c , won I(1 be less se ri ous th rt b it, i, rt, genera I at tack ,

which would Ibe likely to occur on (ir-Ion steel prst ressed st ructures of
similar design.

ASSESSMENT OF INDUCEID EI.ECFTRICAI. CURRENTS

Ptirpose of Elf ort

The piurpose of this effort is to dhtermlit t lie y ii"i'g.i tilt ind I i kt'
paths of elect ri cal currents wi ch miv he i nliied in prest ressol -onirerte 
stri -ti res v pitIls.i t irig inigniI ti f clds. It is possible tLh t olo tril ",I

ii r rent s 01hi( It I l , i r li cd lr iri f I I r-m tier r, i rit I -ron iit I it o i1"

e I ec t rol yte ,iil irido lte rl -,'s I, (o.

Resu Its of Assessment

Ti Is aS etssit(tit ".1s perfotrmed 1,v 'lr. Jim Brioks if % l.. file

results ol this tss ssm riLt irc lgi\v,-t in Appendix B . 'hr' i -. ssi ti
showed that the worst .St" r 1rrnL s ,ire loss I hn impe Ic. 11i1s l(.vol"

%0
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is snlistarlit i aIly bel Iow t hat re (Iui red to c ause s igni f icanrt corros io n
ac(t IvIt y , and( caii he redU C Sl ibS t An1t al I Iy by i nc reas inrg the res is t an e
of tfirec urrent pitti by not a I Ilowi rig the prest ress i iig st rand to prot rule * .-

I roin the10bht tuorn ofI th ti I)11i rigs . As tIti is w.i I1I be r, ju i red t o prevent
dIi rec t coiit i. t between t he st r.3rids arid seawa te r o r bot tom sed iment s, t he
ciurren ts ini nai k tua I s t rijet u re w i I Ibe i ris i gn i f i cantL t roi t he s t ardpo i n t%

REVIEW OF' TEST RESLTs ,.- .

Th is rev iew uI t es t re s uIt s i s ba sed upon t he elIec troche(m i calI t est s

arid the actual coindit ion of the test bar- remioved from the testspcen %
specimeris

exc ept for the eva I iiat ion of the inr-place p) i I i ngs

Te st S e r ies Resir ItLs

01Nitronic -33 more resistaint to lower p11 arid-

increased chlIocride.r

fi2 N i t r on i c 3:3 nior e re s ist a nt t o i o nPV%

m i g r at i onii.

#3 Carbon steel became active; Nitronic 33
remaj i neri pa s i ye.

#4 Ne it her a Iy b vecaime ac t ive .

#5S N it ron ic 33 mo re resistLa nt .

#f6 Carbon steel repassivatel; Nitroiric 31
dIid riot lepasivate.

#f7 Carbon steel lepissivaited;1 Nit roriic 33 Z

did not depassivate.

#/8 Carbon steel depassivated; Nitronic 3
d id niot ulepassirvate . Corros ioin piroduict

vol rIme i iis i iff r c i e nt t o causev ineais iirab 1) 1

changes.

#f9 Ca rbon steelI corroded Ni i-rrn i (1 di riot
co rrode . N it rorri Q2 shiwel inci pient
co rros ion.

0 10 No s i gri i f i (unt (Ii I fte reri t, betweenl p 1 1 rigs

'A rbonl steel inl Ni t ion i c 3 3 p i I Ing hald

becomeri ac t ive, ot herw i se , no s i gri it I ( anit

a1ct ivi ty inl either pl I inri. -

VS
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Figure 18. Corrosion potential versus timne for carbon steel at a closed crack.
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26 November 198,

MEMORANDUN -

FROM: L 1/AR_1

TO: L52/JEN I 1 N .-

VIA: L51
• - L5? ' :' ' _I

% L 50,A 4.;j$
S..%

SUJI: Structural ar alvsis of d Fer mi nq pi &r - AYT1. &t rt P jego

REF: (a) Final -5'% S brr t t l Ericire --r1iq CalciIati (7c ,ir-;t t

N624 74 - 4-C -4194 b ,. if{ , Crsul t i riq Enq1ne ,r s

(b) Final 35". Submit t al ErirILer inn Drawings Contr cict
C3N62474--34- C -4194 b', ,Z O Consul ting Ergineers '-.

1 This memorandum is to irf3] ize our con'.'er s-ati ors cf 11 and ..

26 November on the subjetr - qt - wt ed aria I .

The structural anal s s war C EOridL1CtEd or, the dccl. pari E

subjected to critical crane 1oadmr-,. The ob.jective was to

determine the str nctLra] response t n the Iuss of indi vi d al
prestressing strands and reinforcir, g bars hy corro_-ion. Cr itical
loading occurs aS the 2 ipf VP wt.'] )]n,-o4ds oi the i-1 ton por table

crane are positioned near d-.:.j-ar, ()4 the dec: between pi I c,

bents). A review of Ref er ence (,) howed that the pier dect w =_.:

the wealest lint in the strc-:tive hich ir c-luded the curb beam-. h5P_.a,

pile caps and the piles.

The most sensit i.e t Eniec h cm r, the dec panels was f le ur. C.

Critical loading will caus.-, the prestr ess strands to fail at ' ,

panel midspan prior to rern~Ior-c-,TiTOU.r yielding at the support."

(pile caps) or before an,' distres occurs due to shear or
reactions. Critical cr anF lo-dinq wi II produce a panel rna.:1 mLon:
midspan moment of 14o ft -lips in addition to the dead load
(weight of the structtre) fnmert _-;f 115 ft-1 ips. Using lc.,d
factors of 1.4 for dead load arid 1.7 for live load. then thp 0

-,mum design uIt mate monr-nt At pane Ini dspan is 400 ft -- I i p. .

4. A graph of the mi dspai 1 - .ir I capac it y versus los c

prestress strand for eac dec I pan&. 1 is at t ached. The

development I lergt h cf the I A r I d e ameter st ad is 20 irt _-:."

so the graph reflects the tilt imn-te capacity of the decl panel a

41. strands are sequent ial l c ()r r iclF,,J t hr-:, tch at di 'scr ete points "5""
%.r. within 2 0 inches of ri d-par . , L-1 n t l a+e momernt capacity 5. 4

-: f t-lips which is we ll aL o'. qt red deL.igr s tr enqth o,€ 4,- %,_
%J", ft-i ips. Even wi thi th- 1 c,c, 4 cu, t- vand the capacity! I-- t ill -

1 9

% -1
I '~V9



-ii i ent t.o r tsilst the LIti ratpe d~i gn moment and there would
b cE I i tie 1 f- ny noticeable def lec.tion increase. After the loss

k ~r -4n ds (r An dum I y p IA r Fd) * the panelI cu:kpaci ty approaches the
* ~,dr~,on4~Of 255 ft -V ips (WIthout load factors applied) .

(:)* r& Fuh 1 o (Nl: (7A:.rrced there vwold be A noticeable increase
ir tit-if en t c-r- R-: the 7C) ton crane rol led oiver the deck.

~~~~~.~~a 1 wilrt h aclton s on f il1e i f you n eed them for pVV

o iir rteport inq. I shall also continue to review and checl.ing
ref perences (a) arid (b) 9 al thOUgh I doubt I will1 f ind anythi ng to

F-, i-se Ily -'itimlatpes o.f the strUCtural response. If you need
flirther assisitance please contact me at ext 4765.
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ASSESSMENT OF INDUCED ELECTRIC CURRENTS-.-
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L72/JLB/at
5095201

MEMORANDUM i~ i
From: L72/Brooks '
To: L51/Jenkins-
Via: L 72~

Subj: CORROSION CURRENTS ASSOCIATED WITH NAVY DEPERMING PIERS

Ref: (a) L51 memo of 7 Oct 85 requesting assistance

I. As requested by reference (a), the 35% design reports of the Deperming -

Pier for San Diego have been reviewed. Preliminary anialysis shows that the
X-loops of the structure can induce currents of up to one ampere in the pier ,-

structure when the separation between loops is 10 ft. All other
configurations are not expected to present a problem including the Z-loop. If
currents of up to one ampere present a corrosion problem, then the following . 4
steps are recommended:

(a) Choose a configuration where the pier structure is outside the
X-loops. K -

(b) Coat the rebar steel with a non-conducting epoxy prior to imbedding in
the concrete. '~

(c) Do not allow the rebar steel to protrude out the bottom of the
concrete piling.

(d) Do not connect the rebar steel of the piling with the rebar of the

pier top structure.
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JAM7,S L. BROOKS
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Abstract: The Commander Naval Surface Force, U.S. Pacific Fleet -
(COMNAVSURFPAC) Shore Interrnediate Maintenance Activities (SIMA) are now being
outfitted to provide corrosion-control (CC) services to tended ships. Services include
wire-sprayed-aluminum (WSA) and electrostatic-sprayed-powder (ESP) coating and
installation kits (i.e., 316-SS and ceramic-coated fasteners, gaskets/insulators, anti- .
seize and sealing compounds) for all ship-to-shop and shipboard preserved
components/areas. This paper discusses the need, planning/screening policy, CC-Shop
capabilities and capacity (equipment and layout, process instructions, quality control,
standard production times for 120 shipboard items, crew training/certification), modus
operandi for planning, screening and production management, records and follow-up";.""
customer-ship inspections for CC program effectiveness feedback. ""
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(CC) Program: Pilot SIMA CC Shop, ISA(WC)-101, 14 September 1984, Contract
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2. Adkins, W. et al., Corrosion-Control (CC) Program, SIMA Pilot CC-Shop Service '
Test and Technical Support (Final Report), ISA(WC)-107, 30 November 1985, •
Final Report, ISA(WC)-107, 3 Volumes, Contract N66001-85-C-0350.

3. Schlunt, P., Corrosion-Control (CC) Program: Pilot Powder Coating Service Test,
ISA(WC)-ITR-108, 31 December 1985, Contract N66001-85-D-0015, Delivery
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4. Sulit, R.A., Corrosion-Control (CC) Shop Technician Training Curriculum in the
Shop-Qualification-Improvement-Proram (SQIP) Format, August 1986 Revision,
ISA(WC)-110, 15 August !986, Contract N66001-36-D-0086, Delivery Order 0002.

5. Robinson, M. et al., SIMA(SD) Production CC Shop and Ship Work Package Guide,
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)BACKGROUND & REQUIREMENT
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1977 * COMNAVSURFPAC INITIATES SERVICE TEST OF WSA .. p .

1979 * NAVSEAAUTHORIZES USE OF WSA ,.

o CNO DIRECTS ACCELERATED IMPLEMENTATION OF WSA IN FLEET %"

1980 NAVSEA INITIATES USE OF IMPROVED CC SYSTEMS IN NEW 2
SHIP CONSTRUCTION

SPECS FOR BUILDING: SECTIONS 078 AND 630
-- NAVSEA DWG NO. 631-5751754 (FOR CG-47 CL)

1981 * NAVSEA ISSUES SHIP CLASS CC MANUALS

* NAVSEA ISSUES DoD-STD-2138(SH), METAL-SPRAYED COATING O-
SYSTEMS FOR CORROSION PROTECTION ABOARD NAVAL SHIPS

AjyBACKGROUND & REQUIREMENT
, PL , 
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1983 0 NMAB COMMITTEE ON THERMAL-SPRAY COATINGS FOR.,...,.

CORROSON' CONTROL, REPORT (NMAB-409, FEB 83): .- -.-

WSA CTGS CAN PROVIDE UP TO 10-20 YEARS SERVICE LIFE '"

AND ON A LIFE-CYCLE BASIS ARE MORE ECONOMICAL THAN"-:..:.

PAI N T 
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1984 •COMNAVSURFPAC INITIATES PILOT SIMA CC SHOP FOR NAVY Zi .Z

1985 • PI LOT CC S HOP 1 -YEAR SE RVtCE T ETCOM PLETE AN DRECS.... :

ADOPTED AS MODEL FOR SIMA UPGRADE PROGRAM

1986 0 CC SHOP DESIGNED INSTA !LED SiM A PH): IOC -JUL 87,."." '

0 CC SHOP MI LCON UPGRADE, SIMA (LB): O C- FY88 .. .-

SIM A (SD). O C FY88 . . .

SIMA (SF): IOC -FY89

% 
" %- -"q

PL -p

%S

., .* . P A'. Kid

1983* NMB CMMITEE O THRMALSPRA COTING FO S

' :, .- % % " , % - ? :° % - C O R R O S I O N- % -C O T O-RP R ( N A - 4 0 F E B 8 3 ): . - . . % - - - - ? ' ,



:4.'

PROBLEM*.

PROBLEM--

EXCESIV S/FLABR SENT N RCURING ORRSIO

PREVETIONAND ONTRL REUCIN REAINES

TRAINIG ANDMAINTNANCEACTIO

SHORENEDCOMONEN/STUCTUE SEVIC LIF AN

ATTENDANT~~~ ~ ~ ~ ~ MAEIL AO NDSHDL OTT

REPAPROBLEMC

Refs. 1,2,7



:....**..:

,. . . ,

- .

MISSION/FUNCTION

OF .

SIMA CC- SHOP

I" ~ ~MISSION OF :::

\jlSlMA CORROSION CONTROL SHOP -::-:

SIMA NAVSEA
PLANNING DELIVER D  CC SYSTEMS"'-

and and • Ships-in- Service: ---
PRODUCTION SUPPORT • New Construction .--'-

CAPABILITY ::,-:

:::::::

, .% ,'

-. I -



SIMA CC -SHOP

* FUNCTIONS
7%.

CORROSION CONTROL (CC) SERVICES
NAVSEA CC SYSTEMS

(1) TECH ADVICE ON THE CAUSES AND PREVENTION TWSA - HIGH TEMPERA'uRE
OF TOPSIDE CORROSION PROBLEMS AND THE - WA0 EPRTR
APPLICATION OF THE 15S NAVSEA SYSTEMS 2 VISA LOW TEMPERA________

. . 3 EXTERIOR TOPSIDE PAINT COAT .U(S r"
(2) PRODUCTION FOR: 4POWDER COAT,NGS

0 WIRE-SPRAYED ALUMINUM ....... 5 NON-SKID DECK COATINC-S
6 CERAMIC COATING

...OWDE..COATIN.. WATER DISPLACING COMPOUNDS%

0 INSTALLATION 1(1 ' S ..... 8 ANTi-SEIZE COMPOUNDS
FOR PRODUCTS ..........

PRESERVED WITH................................. 9 IMPROVED FASTENERS
SYS1.&410 SEAL AND COAT[NG COMPOUNDS

11 POLYSULFIDE SEA!LANTS

12 MULTI-PIN CONN PRO'

13 PLASTIC DIELECTRIC qARRiER
14 VAPOR PHASE INHIBITOR

is STR.PPABLE COATING

%

.0 d

Refs. 1,2
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NOTIONAL .P CC- HO M NNN

.%° .

.% a%..

.% %

~) NOTIONAL CC - SHOP MANNING

FUNCTION RATING/RATE NUMBERS

SHOP MASTER *MC or HTC 1

ASSISTANT SHOP MASTER HT-1 or SM-1 1 ,

QUALITY CONTROL SM-2 or HT-2 2

SUPPLY SK-1 2 1

WSA PRODUCTION SM-I'? 3 2
HT-1 2 3 2
9M SN:'3 2 a'.

HTFN,3 2

ESP PRODUCTION SM-I 1

SM-2 3 2 , '
• .. e- !

SMSN 1 -... ,.
' -, .d . ,

INSTALLATION KIT MAKEUP SK 2 3 1 %

TOTAL 20

a , I"nk " -o)

a - 91o n

* . .. * *-. .,.,. . a

'a a~. a' -. <a "* - a a a
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CC SHOP CONSUMABLES
OF REPRESENTATIVE ITEMS

STATION STATION STATION%

DEGREASiNG TRICHLORETHANE 75 GAL

MASKING DUCT TAPE 2-INCH 15 ROLLS -%-

ALUMINUM TAPE I-INCH 9 ROLLS%

STRIP BLASTING GARNET SAND #36 5000 LOS

ANCHOR-TOOTH BLASTING ALUMINUM OXIDE #16 (for WSA) 4000 LBS
ALUMINUM OXIDE #36 (for PC) 1000 LBS
PRESSO-FILM TAPE (X-(oarse) 10 ROLLS

FLAME SPRAYING ALUMINUM WIRE. 1 RSIN 4 ROLLS
OXYGEN 16 BTLS

ACETYLENE 8BBTLS

CC~~-* SHOP COSUA.

OF~5 REREENATV ITEM

.5.-..D

STATIN ITE MONTLY.US

POWDR COTING POWDR HAE GRY.17 LO

RED SO LOS%

OF REP REENTAIVE ITEMS L

STATION XTEM MONTHGE GL S
POWDER- EOTN POWDE HAZE GREY 170 GL

PAINTING E~TAN ALU EM HINT0 A

%E eS GRt RMR6 A
NF~2 151- 2AEGRY1OA
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STANDARD (SHOULD COST)

TIMES FOR
%

WSA CTGS

%p *. 

.d% .

STANDARD TIMES (Should Cost) "--'.
UyFOR WSA PRESERVATION :-

'.,R

*-. .p

2 2 8 9 10 11 12

PAEASURA PIP APPLY APPL V
IAA-JR I&. 0A"- (-A NT PANT

WSWSA I OAYI CAa OA'T I (OAT#4 (A

Ref. 2
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CC SHOP STANDARD TIMES
(121 Components Measured)

- ANDARD '-NRE MAN -RS.
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SHIP'S

CC WORK PACKAGE

GUIDE

30

SHIP'S CC WORK PACKAGE GUIDE

OBJECTIVE/SCOPE

" PROCEDURES FOR IDENTIFICATION AND SCREEENING
ITEMS FOR CC AVAILABILITIES

" MAINTENANCE AND REPAIR OF THE 15 NAVSEA CC COATING SYSTEMS

... THREE MAINTENANCE REQUIREMENT CARDS

--- INSTALLATION KIT TECH DATA SHEETS

--- CORROSION DISCUSSION

--- THE 15 NAVSEA CODIFIED CC SYSTEMS

* CONFIGURATION CONTROL AND CORPORATE HISTORY

Ref. 5 ('A
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MAINTENANCE REQUIREMENT CARDS
(MRC)

NAVY JOB PERFORMANCE AID FOR SHIP'S FORCE

• WHAT 0 WHEN S HOW 0 WHO S

.u . '%

THREE DRAFT CC MRC DEVELOPED

1 - CC INSPECTION FOR AN AVAILABILITY

2- CC INSPECTION MAINTENANCE AND REPAIR

3 - FASTENERS CC INSPECTION,
MAINTENANCE AND REPLACEMENT

Ref. 5
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~ )SHIP'S CC WORK PACKAGE GUIDE

* 27 COMPLETED AUG 86 TO
MAY 87 -1

* 6IN PROGRESS V

# CANDIDATE ITEMSSHIP.- r '
WSA CTG PDRCTG TOTAL

USS BREWTON (FF 1086) (KNOX CL) 277 659 936 -

USS GRIDLEY (CG 21) (LEAHY CL) 198 434 632

USS JOSEPH STRAUSS (DDG 16) (ADAMS CL) 185 480 665

USS ALAMO (LSD 33) (THOMASTON CL) 409 524 933

USS CHANDLER (DDG 996) (KIDD CL) 232 870 1102

USS LONG BEACH (CGN 9) (LONG BEACH CL) 675 1118 1793 it ,,

Refs. 5,7 ,.
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. . . . .. . .7 J7 y ,JVr A .

SUMMARY

*DEMONSTRATED FEASIBILITY OF SIMA CC SHOP

0 $1 .5 M/YR FOR CC SHOPS IN SIMA UPGRADE PROGRAM FY-86 ,4~
THROUGH FY-91

0IPE, INDUSTRIAL PROCESSES AND QC ESTABLISHED

REFINEMENT REQUIRED FOR WSA TOP COATING AND POWDER
COATING MATERIAL SPECIFICATION

0 FLEET-WIDE, POLICY PROCEDURES AND TRAINING REQUIRED

40

CC SERVICES DELIVERY SUMMARY ~ -

* PLANNING AND CONFIGURATION CONTROL -.

* PRODUCTION

* QUALITY CONTROL

* RECORDS, AUDIT AND FEEDBACK

2o5

%:.~

rmZA: ,,-



77. -;-. -I -7. -

PRODUCTION SUMMARY

PERSONNEL

FACILITY

IPE
PRODUCTION -

PROCESS INSTRUCTIONS
SERVICES

CONSUMABLES

QUALITY CONTROL

42~

j POLIY, PROCEDURES & TRAINING SUMM"ARY :

A I(REFINEMENTS & IMPROVEMENTS) SMAY" ii"i :'''

CC SERVICES PERSONNEL

" CONFIGURATION CONTROL 0 CAREER PATH FOR BOATSWAIN"-"",'
MATE (BM) & HULL TECH (HT)-.

" PLANNING & SCHEDULING,-'.....'

SMAF-e-CSMP, sWORK ORDER 0 RATE TRAINING MANUAL .,..,.

" PRODUCTION P ON-BOARD TRAINING O

" QC & FEEDBACK 0 SHOP QUALIFICATION '".".
IMPROVEMENT PROGRAMSUM Y-
(SQIP) TRAININGLANN"SHDLN'-

% % % % %

SMAF~CSMP~-WOK ORDR 0 ATE RAINIG MAUAL'

* PRODUTION 0 N-BOARDTRAININ

N N '.

206
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orrosicn rrevent.icr arn, .or-,ro, zurvevse

Arn 4uu--t4 reauirits a (orrosion rrevention aria .jortr,.. z:,urvev
- oi eacni oerating conunana every tour vears. L'his results in two tc
* three surveys being COflOUCtea each year. inus comDrenensive survey
* covers aii aspects 0? tne conunana Drogram iflciuding the command
* corrosion reguiatiuon. iocai Maintenance uperatins instructions.
* corrosion iaci~uties. training. manpower ana. cualitv cont~roi as we,

as trie conalion 0± the equitrnent itsei.

ihe survey team is niaae uo oi a cross section vi oersonnet. with
% exvertise over a broaa range 0± tne corrosion aisciriine. An Ar
* ;corrosion rrograni reoresentative Leacs Tne team which inc.Luaex a Sr.

NCo with speciruc corrosion sno exoerience. the commana corrosion
manaiter. ALC; corrosion Drogram managers. an Ar Materials au

:representative. as wei as memc-tirs ireoin Ak'M,,C aria SA-KLL (witr.
* resoonsibi~itv lor corrosion contvoi cnemicas;. tten reor.-senta- d,

L ioni rom bvstem Program Managers wiii aiso ennarnce the Leam
Q aoaoi~itv. inhe beneiits fromn such surveys are numerous. in

aacition. to the obvious Denelits there are itangi1oie uenelts in
trie soiving oi ioca.L oroolems at the ioca, leve- and liratnand V
Arlo/AI~b . Anowiedge ol lieia orobiems. 'm~e cross leea :)I inlorrnia-

* tion cetween team members aiso serves as a vaiu.at ,e avenue ol
L ecnnoio~v tranarer.

*Many .imes orevious~v laentilieca: orooiams or signi:i:ance are
dI~qcovered. m , ci o r i tems are as s 1 rei t,- aaaressQ al, or o uems c. Lher
trian those wnicri are unlaue to a carticuiar :.,ase. .he action is

* thien reciortea cuarteriv uiitii Lne itemr is c.osea. .nese items are
inciuded in a iinai survey reoort wni,:.n is :lrcu~atel tnroughout the%
Air rorce.
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STRESS CORROS ION EVALI! V ION IF POwI)ER METALLURGY ALUM INUM
ALLOY 10Q1 WITH THE BREAKING LOAD TEST METHOD

tIa rctiad S . Dom a cK

ARS tRACT%

The stress corrosion hehivi or of powdeor ieta 1 uryy (PM) al uri nun alloy 7091
has been evaluated uising i new technilpie called the br-eaking load test method,
which was developed by Alcoa Lahoratories under NASA contract NASI-16424.%
Direct tension suecieins machi ned from extruded material in the FIE69 and*
T1E7O conditions were, tested in both the longjitudinal and transverse orienta-
ti ons. Specimens wero exposed to a 3.b percent NaCi s)l 'iti on in alternate
immersion for up to 43 days at stress levels as, ig s 90 perc-ent of thle
miaterial yield strength. Optical ind scanning electron microscopy were used
to eval uate specimen fracture surfatcos to (letermi ne thie extent rof stress
corrosion and to identify attack hy other riechanisms. Breaking stress data
were analyzed with extremet value statistics to determine threshold stress
levels for stress corrosion cracking, prohahility of survival at specific
stress levels, and 'q9 percent survival stresses. Toe results of this study
a re i n agreement w ith data reported i n tile li teratu re , anli ind icate that PM
7091 aluminuml is highly resistant to stress corrosion cracking for the orien-
tations tested. PrelIiin a ry data ana lys is i ndlica tes that t he e f fects of test
vanr abl es such as heat t reatment , spec imein orieontat ion , an,, exposu re cond i -

tions can he better di scrili nated hy the breaking load test mepthod than by
conventional pass-fail data analysis.

I -N TROOIJC ' IO(N 5

The use of powder meptalluirgy (PM) processinq technology for the production of.%**
advanced a]li numi .31l oys has, resul ted i n nateri al s 4hic-h have combhi nations of
properties which are superior to those of simil1ar m-aterials produicod b~y moqot
metall1urgy ( IM) technipes . The imnproved propertt, (:A ho cnbat tri buted to -.

nicrostructural refinements achieved throughIl rapid solidification dluring
powder production and also to the dev(eloprioot of a b-y che-mistries, which
cannot he attained through conventional Irl procfes, in(. line of the goals of
al umi num PI technology has been the dev ,l pumerL ')f ia 1 uvs 'iavi og improvedl
combi nations of strength and stress corro;i on cr ic~i n ( 5CC) resi sfanco.

A powder metallurgy alloy devlolwi )y Alcoa whichi shows pr~misp in fmeetilng
this goal is 71191. This iitorial is one of the first ipowder ietallurgy alloys
to becomne commercially availablea, a,0 is characlterized by a combination of
nigh strength and toughness as wel I a,, gond corrosion resistance. The 7001l
powder i s produced t)y ai r iton 7 i. ion !of the mel ., and is sibseoent ly cons,)-
1 idated and then wrooght by ,xtrisji or foriginog.

7091 is a 7XXX-type chemistry, wi ti /n roe !iajor all Ioyi ng t, !'iont , bt it.is mo re
heavily all oyed than convent nna iot 'iotal11 rgy 7XX X-type chremiist nies, and
also contains cobalt for gira-in retinemwint. Cobal i s genierall Iy associ ated
wi th slIi ght ly h i gher s t rento and 1),- t -'r V.,. r 's i Yancf, bot cainnot bo addedl
by convent iondl p)rocessingj lii t, it'. loyi soui yi solid ail-'iim uit
ambi ent tempo ra ti r-s. Ra [)i d s n 1 it I fi-j n t tor h n o l ijgy !),i ona!h 1 d i corpora -

t ion of up to I 1 wt )ercnd o- nt rt -i ' i v f Cn wi th oiut -ie torrution of
coarse segregites.

. . . .. . . . . . . . . . . . ..... .. . ... . .
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Cobalt provides strengtheni ng and enihanced res i sancte to Sc hy the formation
of CoAl, dispersoids. Several explanations for the enhanct-d stress corrosion
resistance associated wit.h Co additions have been proposed (ref. 1) and
i nclutde : gra in boo nda ry p ini ng by the( Co ,Al ,pa rt icle s, win mak es the gra in -

bounda ri es l es s fa voruole I for SUi7: hlutjiing of s tress cor r os n c racks by
Co, Al 4 pa rt icles, and enhanrced dcrpt i on of at omi c 'iyd rogen f rom t he crac k
surfaces,, whiich red-ictes thel amnjUnt)f if ama j'ii 0 h ydreoiio ont -,-ntq thp
material . hri strdo!uioi, et . al r-.? havr ohsb5'rvped oiytri x dissolution
a round Co Al pa rt i-Ie(s , i nd ic at ing the pa rt icle s a rp c aitho i c w ith respect to
the matrix, and sxggest i n'q thepy serve -is sites for hydrogen reconbi oat ion.% %

The present stud 'y evaluiates the Y5CC resistance- o' 7014l in two overagepd heat
troatments and conpares the results with conventional ingot mfetallurgy alloy
707!1 at cop ch.'srength levels,. Stress crorr )sinn tesfing is conducted
accordi nq to T he b)reaki ng load test method ( rpt. ~lan imprtroved , accel erated .

techniqu~ie for ases n,; th Si tress corrnn 1 onl crackr i n~j hehavi or of al u mi nuin
all Ioys wh IC" Va S de vo ped by AlIc oa L ahoro t cr ies ; nder NASA L.dn glePy Resea rch
CentePr cent ,ic t NVA-; - I 41. When comipa rpd wit h ot her cujr rentl1y used tes t
methods, the ren:loao method is capable of providing nore- infomaition
wi to fewer sprin a'1,J shorter exposuire times, and is a better discriminator
of SCC pe r f ormi n k:o d& ,) rel at i vely res istnt matri alIs . The breaki ng l oad
met hod alIs o p rov i1-, d quantitative1 estiMaite Of 5C"C resi stance, rather than
general material rainigs, whichi is amienarble to statisti cal analysis and frac-
tuire iTechanics Pva! jat'nns.

The break i ~j loaro ),--hrc! nvol ves Jetermi nat ion of breaking strengths of S
repl i cate groujps -m to tnsi le speciftens a fter exposure to static stresses%%N
and corns i e; on ,if ien, for varn eon leng.ths of time. The degjree of degrada-
,ier Jdut to) i<- " 'e rmn oy comparison of the various bhreaking strengths
with theo ti'a l-irato tensile strengthi. In general, the larger the
s t ,n (th dec re s t'i g reater- thei deilree of S5CC attf.ac k. Corlpa ri ng the break -

i og st ronqt of e-eneose ihad ihu tes rv e a mePans of0
seartig 'e~unefrom that duie to general corrosion.

% e
The brpak ig srfess, v,,j(- deterin ed from the breaking load technique are .

nay zeo w in ex tremet valIiie s t a t is tics pri nc i1)Pes to deteP rmine seve ralI quati
taiti ve pa raitto rs i n,-ud i nq th reshol d st ress level s for st ress corros ion
c rack i ng iprOba-' i i tv )f su rvi valI at spec if ic st res s l evelIs , and 99 percent
siirvi val I t rf-esc-;.

Fxtrt-me valuep ,tal s'cs princi ples have been uised in previous work
res 4~'t- ev.-'uioat fraci(- ore data, and the analysis methonds are well.

developed . 'iw r-i'nailo for applica'ion of extreme valuie statistics to the
inailjsis of fra " rce oati is that natorial, contain flaws which have a wide
range, of ;ize(s' , t frac:ture will occur at the largest of these flaws (the %
weakest 1 i nK F r S tat i stir pu irpo ss, thie ds t ribution of all flaw sizes
i a grouip 'f se nsic, 0o i s imnp urt a t as the di st ri hution )f largest

',lIaw siz-s 'toe eytreine valuel . The fractuire stress of a speciimen is
inversely rel ated, to the si,,e of t ne larges t flaw, the~refore, the b)reaiking
strengths of re i~ cute spe i)o me ns vout 1.1-)p aexpoc t ed t o fnl low an ext romne val lie
distribuition o"t the( ,r,111esif valu ies,. Pri )r analysis of corro)sion pitting data - R
(refs. 9-11) in l c-ato( ecthat, pit de~pth fol lowed in xlponontj i l distribution,
hiit that ma xi riu,- )l fpdpth fol lowed( the relatedl extrt-le vamlie distribuition.
Pit depth and occu-,rrence- are related to "i rost roctira 1 featujres, as; is stress
corros ion) cr-i:Finu 'he assuri1pt i on s i'a de that flaw& si~ i ;)P, sei mens

%~~~.- % % % '.%.

% % % % % 
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would also follow the exponential distribution, with the maximum flaw sizes
(or the related minimum breaking strengths) then following the related extreme
value distribution (ref. 3).

" A conventional pass-fail test is conducted with similar specimens and test

" parameters as the breaking load met.od to define a threshold stress. Specimen
exposure continufs until failure, howevpr, which can he defined as either -
.complete specimen fracture or the first appearance nf corrosion cracking, and

resulting exposure times can he as long as 30 days. The breaking load test -
riethod can be considered an accelerated test technique for two reasons. As in
the conventional technique the stress corrosion damage is accelerated through
the application of alternate immersion exposure. However, more significantly, %

the exposure tines required to define a threshold stress are reduced by about
,a factor of three frov, that Issociated with pass-fail testing.

.. This report contains data collected with the breaking load test method for PM
71ql in hotn r7F and F/FO conditions in hoth the longit,udinal and trans-
verse orientations. The results are compared with data for ingot metallurgy e
7075 and are dis:issed in terms of test variables and microstructural
features.

MATERIAL AND PPOCEOURES .'.."
-. m .-. p

'

Material and Mechanical Properties

The PM alloy 7(101 -va1uated in this study was supplied as extrusions with
cross section -. 5 )y 1.5 inches. Nominal composition for 7091 is given in
table I and comi)ared with that )f ingot metallurgy alloy 7075. Alloy 7091 %
contain g more Zn than 70/b, and contains Co as a grain refiner and strengthen- I.
ing addition rather than Cr. Toe 7091 extrusions were supplied in both the
T7E59 and TiE 70 conditions. l3oth heat treatments consist of solution treat-
rient followed hy stre-ss relief by stretching and then artificial aging.
t'Material in the TIEh condition has been overaged for 4 hours, and the T7E/O
condition has been overagod for ]4 hours (ref. 12). Polished metallographic
sections, shown in figure 1, indicate elongated grain structures with grain
size varying from 2 by 2 by ? microns up to 2 by ? ')y 15 microns with an
average value of about ') by 9) by 6 rmicrons. Tensile mechanical properties
were determined ising a closed loop electrohydrailic mechanical test machine,
according to ASTM Standard [2 (ref. 13). Tensile specimens were 0.25-inch ,- 1

diameter by 2.O-inch long, and wero machinei in hoth the longitudinal (L) and

long transverse (T) orientations. Oroperties measured included 0.? percent %
%. offset yield strength, ultimate strenqth, Young's modulus, and percent elonga-

ni on. Results were found to agree witi anufacturer's data and are presented
in table II. The yield and ultimate strengths for 7W41 are presented in
figure 2 with data f(-r IM 7(07 in both the peak aged (T651) and overaged (T73)
conditions (ref. 14). Tnte longitidinal yield strength of 70ql-T/F6 is about
10 percent greater than that for T/E/ / and about 6 perc-ent greatpr than the .
peak aged 71075. The longitidinal yield strengtn (if 701I-T!F70 is hoot
10 percent greater t',an thp overaged 71175-T/3.

Stress u.orros ;,)n Testing

* Stress corrosion scpecimnens were tested in grotips nf five replicates according %. ,-
to the test marix shown in table 11. Troups of fiv replica ts ware-

%-.,. ,

!,,



selected for statistical considerations. The exposure stress levels 0
correspond to 0, 50, and 90 percent of the material yield strength measured.-,.'" '
for each heat treatment and orientation. Test specimens were 0.125 inch ..

diameter by 2.0-inch long direct tension specimens, which are described in
ASTM standard G4q (ref. 15), and shown in figure 3. Test specimens were

machined in both the longitudinal and transverse orientations, but due to size 4
constraints of the supplied extrusinns, it was not possible to evaluate the
short transverse orientation. The specimens were loaded in tension by means

,of constant deflection stressing fra,-es made of 6061 aluminum. Specimens are

assembled in the frames as shown in figure 3 and the end bolts are hand
tightened. The loading device shown in figure 4 is then used to push the
sides of the frame inward along the tapered end tpmhers, extending the
specimen in tension. Roth the specimen frame and a similar loading device are

described in reference 15. Specimen extension was monitored with an
extensometer during the loading process, and the output used to calculate the
exposure stress. Specimens were exposed to a 3.5 percent NaCl solution under

alternate immersion test conditions according to ASTM standard G44 (ref. 16).
The I-hour cycle consists of ten minutes immersion followed by a 50 minute
drying period. Specimens were observed daily for stress corrosion cracks or
other indications of corrosive attack. Specimen frames were coated with
paraffin after specimen loading to prevent degradation of the frames during I
environmental exposure, as well as any galvanic interaction between the frame
and the specimen.

According to the hreaking load test method, specimens are removed from
solution after the discrete exposure time intervals and failed in tension to
determine the breaking strength. The test method requires that the specimens
be failed in tension on the same day as their removal from solution. The

breaking load tests were conducted with a screw-Jriven mechanical test
machine, at a load rate of 0.02 inch/minute and the fai lure load was recorded.

Data Analysis

The measured specimen failure loads were converted to oreaking stress values

hy division by the original specimen cross sectional area. The sample mean
(x) and standard deviation (-5) were determined for eamch group of five
replicates. - %

The probability of survival (Ps) is calculated based on the mean and standard
deviation of breaking stress values for a group of replicate specimens, and
reflects the probability of specimens surviving for a given environmental

exposure period at a specific stress level. The probability of survival is
calculated with the Gompertz survival equation (ref. 81, given as follows:

PS exp -e xp( % iL)'

where s is the exposure stress, and ci and 1, are the extreme value distri-
bition scale and location paramit.rs, respectively, calculated as follows: •

0- X + Y
NN

-..%

- p p' r

-? .' , " ,
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The values YN and GN are the calculated estimates of the mean and standard
deviation, respectively, of the reduced extremes as functions of sample size,
N. For a sample size of five, YN=0. 4 56 5 and ON=0. 793 2 . Values for other
sample sizes can be found in reference R.

The 99 percent survival stress, Sqq, is the tensile stress 99 percent of a -

group of replicates would be expected to survive after environmental exposure .,w-

for a specified time and stress level combination. Calculation of the
99 percent survival stress is achieved by rearranging the Gompertz survival
equation and setting the probability of survival at 99 percent.

S ~ + In [-In Ps]

S -4, 4.6 ; (Ps 0 0.99)

j%

The 99 percent survival stress is a parametIr which provides for a direct
comparison of stressed and unstressed specimens exposed to identical condi-
tions, as well as comparison of material performance for identical test condi-
tions.

The 99 percent survival stress is unique for a given material exposed under -
specific test conditions but does not reflect a threshold below which no SC(-
occurs. A series of 9q percent survival stresses, however, can be used to
determine a satistically defined threshold stress, GTh, which is the
exposure stress for which there is a 95 percent confidence that the
probability of specimen failure under specified test conditions is less than
one percent. J,

The threshold stress is determined by applying a confidence interval to the
mean of point estimates of the threshold determined from the 9Q percent _
survival stress data. The point estimates can be obtained from the 99 percent
survival stress data as a function of the exposure stress by determining,
either graphically or by linear regression, the point at which these stresses
are equal. Figure 5 illustrates the estimation procedure for 0.125 inch-
diameter specimens of ingot metallurgy alloy 7075-T651 (ref. 3). The esti-
mates of the threshold stress correspond to the point where the data trend
intersects the dotted I:1 line indicating equal exposure stresses and survival
stresses. Ry using various combinations of the data, several estimates can be
made for each exposure time. The thresholl stress can then he calculated from
this series -f point estimates.

The threshold stress is given by the lower limit of the q11 percent confidence
band for the point estimates, and can he calculated from the student's t
distribution hy the equation:

03Th X Z IS

*W~,e% % %..

%- %
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where X and are the mrlean and standard deviation, respectively, of the point
estimates and z is the variate for the appropriate degrees of freedom.

%',

RESULTS AND DISCUSSION

Breaking stress nata for both the [7E69 and T7E70 conditions in both longitu-

dinal and transverse orientations are suirmarized in table IV as itoan and
standard deviations for each set of replicate specimens. As a percentage of -. ,,
the mean, the standard deviations of each test set are typical of corrosion
test data. Toe Alcoa developmental study (ref. 3) revealed that greater ,
standard deviations were associated with greater SCC susceptibility. This is
in contrast to trends observed in data collected by conventional pass-fail

testing, and occurs because the data in the breaking load test is dependent on
a reduction in load carrying ability of each specimen and not upon specimen
failure during exposure. The mean breaking stresses are also presented
graphically in figures 6 and 7 for the T7EH9 and T70 conditions, respec-

tively. The data for each test case displays trends typical of materials
which are very resistant to stress corrosion cracking; i.e., increasing expo-
sure time or exp:osure stress level has only a small effect on breaking
stress. The reduction in breaking stress with time observed for specimens
exposed at zero stress level for both material conditions can he attributed to
the effects of pitting or general corrosion. The data for the T7E69 longitu-
dinal orientation specimens displays no significant reduction in mean breaking
stress with increased exposure stress and time. All of these data curves

display a similar reduction in mean breaking stress as is observed for the S
zero exposure stress specimens. F,)r toe T7F69 transverse orientation speci-
ens, howevr, toiere is a greater reduction in mean breaking stress for speci - .

mens exposed at a stress of qO percent of the material yield strength than for
the specimens expns-d at lower stresses. Results for the T7E7O specimens
display little effect of increased exposure stress on the mean breaking stress
for either longitidinal or transverse orientation. Rather, for each orienta-
tion, the data cJrdes exhibit similar reductions in mean breaking stress with
time regarlless of expo'sure stress. The data indicate that transverse orien-
tation specimens exhibit a somewhat greater reduction in mean breaking
strength than longitudinal specimens. Under the most severe exposure condi -

tions used, Q days at 14' percent of the yield strength, reductions on the
order of 6 percent were observed in toe lonqitudinal orientation and q percent
in the transverse Drientatinn.

Breaking stress dita were collected for 70'41-T7Eh9 in the short transverse
orientation hy re-,sarchers at Alcoa tref. 3) for stress levels as high as
75 percent of the short transverse yield strength. They reportod mean break-
ing stress values for short transverse oriontation direct tension specimens
exposed to alternate immersion in 1.5 perc-nt NaCI solutinn at 30 ksi exposure S
stress (approximatly 15 percent of tOe short transverse iaterial yield
strength). The reduction 7n mean 5reaking stress after nine days exposure was

ahout nine percent, whcn is very ,ii lar to that determined in the c!rrent
study for the transv,rse ori,-ntation, Ti11, 50ccinqens.

Metal og raphic scti- <i w )re rp,rp r soct ed spec iriens in order to

evaluate the type it uornoS vi attack orrri g n pac test :ase. Sections
of oth long it, i nc ' orii ransverse S ; ci'ens expo,,sd f:)r - days at the 0 and
U(O percent yiolo -+reritn expns',ire stress loveIs are ,hown ,n tgo res S and q

for both tne T1(~ a]r, 7 1 )] specimens, rpsiertively. The nicrnlraphs support

% . . . .. . ..

%" %
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the trends observed in the breaking stress data. The depth of penetration of
corrosive attack is greatest in the transverse orientation T7E69 specimens"%
exposed at 90 percent of the material yield strength and correlates with the
greater reduction in mean breaking stress observed for these specimens. The
corrosive attack in this case is in the form of intergranuldr cracks propaga- %

ting perpendicular to the applied stress, as would he oxpectpd in stress
corrosion cracking. In tie longitudinal rientation 11C1Q specimelns the crack -
path tends to curve around to follow grain boundaries along tue specimen %
length, creating a corrosion morphology which resemhles the onset of exfolia-
tion rather than stress corrosion. %

The morphology of the corrosive attack observed in the zero exposure stress
level specimens for both orientations is similar tn that observed in the
higher stress level specimens. The short intergranular cracks seen in the
transverse orientation r7E69 specimens exposed at zero stress level are
probably due to residual machining stresses in the specimens. The depth of .-.
corrosive attack is greater in the transverse orientation T/E69 specimens
exposed at high stress levels than in the lower and zero stress level speci-
mens, again correlating with the observed variation in mean breaking stress
observed for these conditions. The depth of attack in the longitudinal orien-
tation specimens appears similar for both zero and high exposure stress, which
correlates with the absence of any exposure stress level effect
on mean breaking stress.

There is a significant difference in the morphology of the corrosion damage
observed in the T7EMl specimens (fig. c) than was observed in the T7E6Q speci-
mens (fig. 8). In the T7E70 specimens th, damage appears to be severe surface
pitting attack with a slight directionality due to grain orientation. The .
depth of attack is similar when comparing specimens exposed at zero and high
exposure stress levels, for each orientation. This correlates with the
absence of any exposure stress level effect observed for the TiE7 specimens. -

The depth of attack is greater in the transverse specimens than in the longi-
tudinal specimens at equal exposure stress level , which explains the greater
reduction in ean 5reaking stress observed for the transverse o'ientation.

Scanning electron microscopy was used to further charjcterize the regions of

corrosive attack. On the higher stress level f/LOq specimens, regions of
transgranular cracking were observed occasionally about the circumference of
the fracture surface, as shown in figure 10a. These regions always occurrd
at the intersection of stress corrosion cracking and overload fracture.
Similar regions of transgranular cracking have been observed in bolt-loadedprecracked stress corrosion specimens of 7XXX aluminum alloys 'n T7 conditions

exposed to marine atmospheric conditi ons (rof. 1/). The trans~iranular cracks
were observed to propagate along uncracked ligaments between stress corrosion
cracks, thereby joining these regions, with only slight penetration into

ncracked material . At the magnification shown in fig. Ila there is little
difference in appearance between the regions of stress corrosion cra:king and
overload fracture, but differences become apparent at higher magnification.
The intersection of the stress corrosion and overload regions (fiq. I0b) a-d
of the transgranular i'd overload regions (fig. I0c) illustrate the expectf d
ductile dimple morphology associated with the tensile overload fracture. 6
These feat res are absent from the regions of stress corrosion anl trinsgranu-
ldr cracking. At very nigh magnification (fig. 11) the proseonc of mnicrodimp-
ling is evident in the overload fracture rtlion, but is still absent in both
the stress corrosion and tran-jranular regions. Similar analysis of the 1K/170,

.-*" ... "

%~. %%

.,'% %

A.* W-. * . .-.A 7A 7.- '.A. % % % ... %



specimen fracture surfaces revealed a mix of nicrodimpling and smooth grain
boundary surfaces in toe regions of corrosive attack, suggesting this attack
is other than stress corrosion cracking. Simi lar fractographic features have
been , served in stress corrosion cracking studies of 7091 with precracked
specimens (refs. 2, 181.

The calculated prohahility of survival and 49 percent survival stress for rach
exposuire condition are presented in table V for eac coimbination of heat
treatment and orientation. The '-)9 percent survival stress data is also
presented gjraphically in figure 12 as a function of exposurt S'ress for each
exposure time. The probahility of survival is very high in all cases, reflec-
ting the excel lent stress corrosion resistance of the material. The data
presented in figure 12 indicate that for the time intervals tested the condi-
tion of equal exposure and survival stress was reached with the T7TE9 speci -

mens hut rot with tne TI/i specimens. .

Point estimates of the threshold stress, determiined by the linear regression
method, are presented in table VI for each test case. The calculated values
of threshold stress, 7[h, for each heat treatment-orientation combination
are presented at the hottom of table VI. Fhe threshold stress levels vary as S
might be expected for the material condition-specimen orientations evaluated,
but the differences for each of the four test conditions are relatively
small. This data illustrates one of the strengths of the breaking load test
method, the anility to discriminate differences in stress corrosion perfor-
mance of relatively resistant materials. While both heat treatment conditions
evaluated are overa oo, TiE70 has been aged for a longer time and would be
expected to he macre resistant to stress corrosion. This greater resistance is '-;

indicated as a higher threshold than is seen for T7E69. The least resistant
of the test conditions evaluated, i.e., that exhibiting the lowest threshold
value, was the transverse orientation of the less overaged T7E64, as might he
expected.

The devel opmental study conducted by Alcoa (ref. 3) i ndi cated that threshol d,
values det-rmined with the breaking load method for materials with high stress ,....
corrosion resistance reflected differences in material performance where the
same materials were rated equally with pass-fail test data. It is nearly
certain that pass-fail testing would have equally rated the T/I 6q and T7E., .
conditions of PI /0r41. The study also indicated that threshold values Ieter-
mined with the ,oreaking load test method fur well characterized materials %
agreed Pexremelv well wi th threshold values detPrmined hy pass-fail testing. .-

A useful comparisun of threshold val .es can he made hy cnisidering the
thresholds as a percentaqle of the material yield strength. Figure 13 presents
threshold val ues ind yield strengths for PM 701 in the TE69 and T7E 70 condi -
tions in longitudinal and transverse orientations. Data for IM i075 in hotr a
the peak aged To1 and overaged T/3 conditions in longitudinal, transverse,
and short transv-rse orientations are also presented (ref. 14). The threshold
values given for 1015 were det(-rrined hy usinq the pass -fail nethod, and
are values for relled plate 1.25 to 4.5-inches thick. Th-eshld valtues are .-.

shown for short transverse IM 7/5 for familiarity and i lustrate the often
documented improved sLres corro;4on resistance of overaged material when
compared to ,ea, aged fmaterial in thi, orientation. A comparison of naterial
performance for ' /T41 Ju nei ItM 11)15 can be made f.)r toe lorgitjdinal and
transverse ori otat1) ns . The threshold stress level f:or T/'-6,4 is about
2,O percent .)f the yield ,trenijth f)r both the 1onqit dinal and transvers. -

% % % . . . .. .

% ""%.

%.-,

%~~ %



orientations. These percentages are comparable to threshold percentages for
7075-T73, and are 5 and 10 percent higher than for peak aged 7075. The
threshold values for 7091-T7E70 are 90 and 95 percent of the material yield
strength for the transverse and longitudinal specimens, respectively. The %
superiority of the PM material is evident when the threshold values as a .

percentage of yield strength are considered in conjunction with the improved
tensile properties of 791. An interesting point to note here is that while i
the threshold values were determined by thu h, ikino l,-ud test nethod for 701
with testing of several hundred specimens, the data presented for M171 % '%

requi red testi n( of thousands of specimens usi ng the pass -fail met hod. .

CONCLUDIN R ARSKS

The stress corrosion behavior of powder metallurgy alloy 70g1 was ova'iated in H
two overaged heat treatment conditions, T/E69 and T71 'i). 5 tross cforrsioq"
testing was performed with the breaking load test method, a new accel erat, -

technique developed by Alcoa Laboratories under NASA contract 'AA'j-i~4?O. j
Direct tension specimens were exposed in botn 1 ongi tudi nal and t ransversc.
orientations to 3.5 percent NaCi solution at stress levels corre ponding 1) 1,
50 percent, and 90 percent of the material yield strength. Specimen qxposur-

by alternate immersion was continued for as long as 9 days with residual loan :- "
carrying ability of the specimens determined by tensile failurp after periods"
of 2, 4, 6, and q days. Breaking stress values were evaluated with extrefm-
value statistics principles to determine the probability of speciien survival
for specific exposure conditions, 99 percent survival stresses, and threshol I
stresses for stress corrosion cracking. The results were compared with
literature data on ingot metallurgy alloy 7075 detIrmined by conventional
pass-fail testing. j
The breaking load test method was found to be sensitive to small differences
in material stress corrosion performance. This allows the method to be useful
for evaluating more resistant materials, including advanced aluminum alloys.

The technique provides quantitative estimates of stress corrosion behavior
rather than general material rankings. Test results determi ned can be further
evaluated by statistical nethou(s to calculate a st.ltistically defined

threshold stress level for strpss corrosion crackir. .

Threshold stress leveIs can he determined with the breaking load test method
with testinq of an order of wagni W do fewer specimens and with exposure times .
redu ced )y a hout one t 1i rd when compadred w ith c on vent i onal1 pass-fail testing. ". I

The breaking load tost method is capahie of discriminating differences in
stress corrosion performance hetw en ,-atjrials which would he equally rated by
pass-fail test data..%

*The breaking, load data collected in this stondy inidicate, P 1 7oQ! is highly
resistant fo stress (.orrosion cra-king in noth longitvlinal and transverse

orientations at stress levels up to q(1 per:ent of the material yield
strength. r,,dicti)n n nan breaking stress as a rosulr of corrosive attack
was smal lst for na*.ri al in the r,,,e ovra~ged TiE/P condition. In this case
the corros ,.e d ma,;o appeare( to h ii it ,d to gross surface pittinj, wi th no S
Cvidpnc(, s)t ress srtrO 'r on crackirq i h•'0 rvpO. Tne only silgoi icant reduic-
t i on in ean hre- k ig tro s'; observel ir this invest i at ion or c, rred f or
transverse ;)rient ion - i men S i11 the it!hO co)di t ion e< os(o at tIhe
Ii0 percetr ,i''ldr sts' res level T

1 
corrosiv, damage in these.
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specimens was intergranular stress corrosion cracks. Threshold stress levels 0

determined from test data ranged from 8(1 to 95 percent of the material yield
strength. In comparison, threshold stress levels are typically 80 percent of
the yield strength for IM 701b in the overaged T73 condition. Mechanical .-
properties determined for 70(91 indicated tensile yield strengths as much as
10 percent greater than IM 7075-T73. The very high stress corrosion threshold
values combined with thte improved tensile properties of 7091 reflect the
superior property combinations possible with powder metallurgy technology. %-%
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Element PM 7091 IM 7075 .

Zn 6.47 5.80
Mg 2.58 2.39 -
Cu 1.57 1.57
Cr 0.03 0.19
Co 0.40 0.00
Mn 0.00 0.05
Fe 0.12 0.26
Si 0.02 0.11

Table 1. Nomonal compositions for powder metallurgy alloy 7091
and ingot metalluryy alloy 7075.

Material Orientation IITS YS E %el %
Condition (ksi) (ksi) (msi)

T7E69 L 85.1 77.9 9.8 17.5 j
T 7q.9 72.1 10.0 14.9 %

T7E70 L 78.5 70.0 10.4 19.9 0
T 75.3 66.7 9.9 19.7

Table HI. Mechanical properties determined for P11 7091 extrusions 4
in both longitudinal (L) and transverse (T) orientations. h~'

Exposure Stress Exposure Time
(days).

T7E69 T7E70
(ksi) (%YS) L T L T

0 0 0,2,4,6,9 0,2 4 6 9 0,2,4,6,9 0,2,4,6,9

35 50 2,4,6,9 2,4,6,9 2,4,6,9

40 50 2,4,6,9

60 q0 2,4,6,9

65 90 2,4,6,9 2,4,6,9

70 90 2,4,6,9

Table 111. Exposure stresses and times for each test condition.
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Exposure Breaking Stress
Time Stress (ksi)
(days) (94 YS) T7E69 T1E70

L T L T

0 0 85.53 0.48 77.65 1.06 79.67 0.38 77.72 0.91 1,

;-.-€2 0 82.89 1.87 79.61 2.44 78.07 1.95 79.15 4.08 g

2 50 82.55 1.79 77.96 1.23 78.63 2.15 79.05 2.69
2 90 83.23 0.53 77.00 2.16 80.30 0.92 78.16 1.73

4 0 82.54 1.22 17.61 1.74 75.58 1.73 74.22 1.52
4 50 84.39 2.49 78.35 2.13 77.49 1.83 74.88 1.04
4 90 82.14 0.85 74.69 3.79 77.39 1.38 73.70 2.45

6 0 83.55 1.79 78.49 3.08 79.18 0.69 76.11 1.40
6 50 82.47 2.08 77.42 2.95 79.78 1.92 74.42 3.98
6 90 79.27 3.38 75.42 1.93 79.07 1.80 74.39 1.53

9 0 80.78 0.86 75.12 2.52 73.86 0.75 70.58 1.35
9 50 79.72 1.09 75.24 1.52 75.72 0.72 70.53 1.54
9 90 80.22 1.31 71.18 1.29 75.58 0.58 70.53 1.54 .

Table IV. Mean, X, and standard deviation, -, of breaking stress

data for each set of replicate specimens of PM 7091. %

,Exposu re T7H69 7E 70 ,, '

Time Stress L T L T
(days) (% YS) Ps S99  Ps S9 9  Ps S99  Ps S99

0 0 1 82.93 1 71.86 1 77.47 1 72.73

2 0 1 73.09 1 67.36 1 68.29 1 58.68 0
2 50 1 73.52 1 71.79 1 67.86 1 65.50
2 90 1 80.55 0.99 66.14 1 75.67 0.99 69.50 -

4 0 1 76.43 1 68.89 1 66.89 1 66.58
4 50 1 71.88 1 67.65 1 68.28 1 69.64 .
4 90 1 77.86 n.q3 55.62 O.qq 70.47 0.99 61.37

6 0 1 74.18 1 63.02 1 75.69 1 69.07
6 50 1 72.63 1 62.62 1 70.17 0.99 54.45
6 90 0.94 62.29 0.99 65.31 0.19 70.01 0.99 66.69

9 0 1 76.45 1 62.49 1 70.11 1 61.30
9 50 1 74.20 1 67.61 1 72.12 1 62.26
9 90 0.99 73.62 0.98 64.72 1 72.68 0.994 62.79-

Table V. Probability of survival, Ps, and q9 percent survival

stress, S9 9, values calculated for each test condition for PM
7091.
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Exposure Exposure 1/Ehq T1E70
Time Stresses L T L T
(days) (%, YS)

2 0-50 73.140 7 7. 10 67.50 72.90
2 0-90 81.8(1 66.10] 7 .00
2 50-90 83.80 66.00 7q.40 71.30
2 0-50-90 80.10 61.90 15.20 71.8o

4 0-50 68.60 66 .50) 69.70 73.00
4 0-90 72.00 51.20 70.80 61.3(1

4 50-90 79.80 58. 30 10.90 61.00

4 0-50-90 75.90 SIR.91) 70.60 63.50

6 0-50 70.40 62.30 65.40 48.70)
6 0-90) 63.4) 65.30 69.60 66.40

6 50-90 64.20 6 .30 70. 00 73.10 Aw*

6 0-50-90 64.-in 64.10 68 .SO 61.50

9 U- 50 72.4o 73.20 14.41) 63.60 O
9 0-90 73.50 64.70 73.00 62.90

9 5(0-90 7 3.60j 64.70 72.80 62.90
9 0-50-90 73.20 66.20 713.20 62.90

Calculated GTh 61. r0 b6 .P3 67.09 60.91

Table VI. Point estimates of the threshold stress for each test
case and calculated threshold stresses, GTh, for .a

each condition of PM 7091.

N . '

T A 4 V Rt

7(--

% %

%,

e ~



% %

"\'V

We - *-

I- %

100-~~~~a T76 770T5 7

YSS

60..

STRESS,'

Figure . Conie il nutinue stegh f'eae

PM 7091 pekado rgd IM 7075bt

100iudna (L)6 and7 trasvrs (T re ti3s

Ys a.. 'a Z,

-- 'a



S%

Figure 3. Constant deflection Figure ~I Device for loading
stressing frame and specimens in tension
direct tension specimen. .,ith constant deflection

stressing frames.

80~

-A EXPOSURE TIME, days
2:

6 4-

9

50 9

99%-
SURVIVAL 4
STRESS,.

ksi -.

30 S

20-

10-

0
0 10 2b 30 40 50

EXPOSURE STRESS, kst

Figure 5. 99 percent Survival strfssps
for IM 7075-T651 as a
f'-nrtion of exposure .

stress and time. (Ref. %

27 2

%



LONGITUDINAL TRANSVERSE

10 -100-'

90- 90-

MEAN 8
BREAKING 80r-8

STRESS,
ksi EXPOSURE STRESS, % YS .A....-..

70- 0 070-

50 0l

60 -9060 

'

0

% ~EXPOSURE TIME, days J

LONGITUDINAL TRANSVERSE

100- 100-

90- 90-

MEAN
BREAKING 80 80

STRESS,
k si

70- EXPOSURE STRESS, % YS 70 S
0 0

60 60-

- I90

0 2 4 6 8 10 0 2 4 6 8 10

EXPOSURE TIME, days

2/i

I O.

"*, % ,



. . - . .. ,

0

(a) Lzero stress. (b) T, zero stress. ,
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(c) L, 90 percent YS. (d) T, 90 percent YS. .
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Figure 8. Longitudinal (L) and transverse (T) orientation metallographic sections
of PM 7091-T7E69 specimens exposed for 9 days at zero and 90 percent
yield strength.
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50p 50p

(a) L zero stress. (b) T, zero stress. . .

,'\

(c) L, 90 percent YS. (d) T, 90 percent YS.

Figure . Longitudinal (L) and transverse (T) orientation metallographic sections
of PM 7091-T7E7 specimens exposed for 9 days at zero and 90 percent
yield strength.
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ANALYSES AND CORRELATIONS OF ENVIRONMENT ASSISTED
FATIGUE CRACK PROPAGATION FOR ATTACHMENT LUGS

J.T. Huang
Specialist Engineer

Lockheed-Georgia Company -
Marietta, Georgia 30063-0001-

*,",- %.

Abstract

Fatigue crack growth rate data were generated for the 4340 steel (H.T.

180-200 ksi) in salt water. At lower frequencies and in the lower delta-K . .*.

region, they are higher than those obtained in lab air. To properly

account for environment effects, an existing crack growth prediction
program was modified, and a table-lookup scheme for describing the FCGR's
as functions of stress ratio, frequency, and delta-K was added. Using the
new capability, crack growth life predictions were made for attachment ft".

lugs, with and without bushings, subjected to spectrum loads, in salt ..

water and in lab air. Overall, the predictions correlate well with test
results. The tests also demonstrated that, during the test periods, -

interference-fit bushings had a beneficial effect on corrosion-fatigue w.

lives of attachment lugs made of 4340 steel. Future works are •

recommended.

Introduction and Objectives

Modern aircraft are designed to tolerate flaws and fly safely until the
next scheduled inspection and repair. Crack growth predictions are
intended to provide information for making such assessment; and for '. "

%- %%
evaluating design and repair options, including the use of new materials. %_%

Attachment lugs are among the most commonly used fracture critical

components in aircraft structures. Due to corrosion, stress-corrosion
cracking, human-induced damage, material defects, fretting, and fatigue,
cracks may nucleate in attachment lugs. Such cracks significantly elevate
the high stresses and strains around the hole edges which exist before
crack initiation. Because of the narrow net section and high stress

concentrations, it is particularly important to develop accurate
analytical procedures and verify them experimentally so that damage %
tolerance of attachment lugs is assured.

Crack growth prediction procedures became sophisticated during the

Seventies and early Eighties. At Lockheed, Hsu developed a general .
purpose crack growth prediction program [I] and a load-interaction model
[2] to account for crack growth retardation/acceleration. In addition,
with funding provided by Lockheed's IRAD projects and AFWAL Contract No. '' '
l33615-80-C-3211, Hsu, Kathiresan, and Brussat developed and test-verified 0

analytical procedures for predicting crack growth in attachment lugs [3,
4, 5, 6].

The need to consider corrosion fatigue has long been recognized. As
stipulated in the military specification "Airplane Damage Tolerance
Requirements," MIL-A-83444 for metallic aircraft structures, crack growth •
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analyses shall account for cyclic mechanical loads and chemical
environments to which components are subjected in service. In recent %
years, corrosion assisted fatigue has attracted even more attention. For ,
attachment lugs, as shown in Figure 1, the two leading causes of failure '.

in service have been found to be stress-corrosion cracking and (corrosion)
fatigue crack growth. These statistics are the outcome of a Lockheed
survey [5], with assistance from five Air Force Logistics Centers.

Many attachment lugs are made of high strength steels, including 4340
steels. Crooker and Lange [7] found that the fatigue crack growth rates
(FCGR's) of 4340 steel in salt water subjected to cyclic loads at lower
frequencies are higher than those obtained in lab air. Since some
aircraft are stationed on coastal bases, it is reasonable to include salt
water and salt water spray as upper bound conditions in the service
environment spectra. Thus, additional database and a new capability to
properly account for environmental effects become desirable.

The objectives of this work are: (1) Add capability to an existing crack
prediction program for attachment lugs to account for the effect of
varying frequencies of spectrum loads. (The existing program considers
constant frequency for the entire loading spectrum in an analysis.)
(2) Evaluate the effect of interference-fit bushing on the crack growth
life of attachment lugs made of 4340 steel in 3.5% NaCl solution.

Case Studies

Figure 2 shows the configuration of a straight shank attachment lug
without bushing. All lugs, with or without bushing, that were selected in
this work are straight shank lugs containing a through-the-thickness crack
and having a hole radius of 0.75 inch, thickness of 0.5 inch, and
Ro/R i ratio of 2.25, which is the medium of 1.5 to 3.0 for most lugs
in service. They are made of 4340 steel (H.T. 180-200 ksi), having a
tensile yield strength of 179.7 ksi. The bushing was made of 4130 steel
(H.T. 125-145 ksi). Its wall thickness is (.09 inch. The diametral ""'r

interference is 0.008 inch. The target environment was 3.5% NaCl solution
at room temperature, in which the 4340 steel is known to be corrosion-
susceptible.

Figure 3 summarizes all case studies. For each case, an analytical
prediction was made and correlated by test result. The lab air cases were
included to gain a better perspective of the prediction/test .

correlations. For these cases, lab air test data were taken from Ref. 5;
new predictions based on an improved method for crack growth rate •
description were accomplished.

To verify the prediction procedures against variable amplitude loads,
three flight-by-flight cyclic load spectra, with or without an
amplification factor, were used. The spectrum loads {F) are cyclic loads
derived from an A-7 trainer spectrum (Ref. 5). The spectrum loads {C} ..
consisting of 120 flights, were derived from C-5 mission profiles (Ref.
5). The block spectrum loads {B}, shown in Figure 4, were altered from a
typical flight in {C} Those numbers in the parentheses arp artificial,
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with the intent to accelerate the tests. The cyclic loads in the spectiun "y. -. ,

{B} have varying amplitude, stress ratio, and frequency. The wave form is ,

sinusoidal. All stresses in Figure 4 are far-field stresses applied to a

lug.
-

Experimental Procedures .j -. .

The target envir'nment was 3.5% NaCl solution at room temperature. The - -

solution was contained in a small transparent plexiglass chamber with an

open top end; the specimen was totally immersed. A small pump and a

flexible tube were employed to continuously circulate the salt water from

the chamber bottom to the specimen region, where salt water was gently

injected from a nozzle toward the crack tip. This setup created bubbles,

but no slushing or massive fluid flow. The debris generated by corrosion ,.. o

spread out in suspension; some of which eventually settled. As the test e P e

progressed, the entire chamber of dirty fluid was occasionally replaced .

with fresh solution. -j

The specimen was precracked in lab air. A microscope, aided by local

illumination and rulers attached to the specimen, was used to vi3ually .-

read the crack lengths on the two outer surfaces. "

Cyclic mechanical loads were provided by electrohydraulic servo controlled

testing systems. Each system contains the necessary elements to control g

the servo loop, generate and monitor the predetermined cyclic loads, as

well as perform failsafe functions. The system is interfaced to a digital , '-

comput r.

The plain end of a lug was clamped in a hydraulic grip. Loads were

applied through a hardened steel pin in a steel fork fitting, which was

slotted to render visual access to the crack path during the tests.

Spectrum loads such as those in a block shown in Figure 4 were applied
sequentially according to the load numbers. After the completion of one

block, the sane block was repeated over and over again until the sp-:imen

failed. •

FCGR DATA

For the generation of FCGR data, compact type (CT) specimens were used.
The measured crack growth increments, da, and corresponding elapsed

numbers of constant amplitude load cycles, (IN, were fitted into a

polynomial equation to obtain the da/dN vs. delta-K curve. Thk- procedures 0

were in accordance with the ASTM Standard E66; for constant-load-amplitude
FCGR's above 10-8 m/cycle.

FCGR data were generated for 43A0 steel (H.T. 180-200 ksi) in salt. water.
The wave form is sinusoidal. The stress ratios, R, of cyclic loads are

0.01, 0.2, 0.5; tne frequencies, :. , are 1, 2, and I' Hz. They amount to 9

test cordi* ions. Additional data were also generated at R = 0.75 and .
15 Hiz.

Figure 5 shows the FCGR data at R = 0.2 ani 1.0 Hz, in salt water and

in lab air. At lower delta-K, the FCGR's in salt water are hiyher than

those in i air. This indicates a signiticant contribution to the total

.........



crack growth by environmental enhancement. At higher delta-K, there is a

merging of the FCGR's obtained in the two environments - the crossover in

Figure 5 would most likely disappear if many coupons were tested. The

merging data trends indicate that at higher delta-K and for the exposure

time of 1 second per cycle, cyclic mechanical effects are the predominant
contributors to the total crack growth. Similar qualitative behavior has ,, -,.
been reported by Crooker and Lange [7]. It should be noted that the lab 11-

air is also an aggressive environment. In Marietta, Georgia, the relative

humidity of lab air all year round is mostly 50-60%.

Figure 6 shows the FCGR data for three different combinations of frequency

and stress ratio. Given the same stress ratio, the crack growth rate is

higher for lower frequency; given the same frequency, the crack growth PVV

rate is higher for higher stress ratio. Such behavior has also been 1",%'""e
% ~reported by Miller, Hudak, and Wei [8).,

Crack Growth Prediction Procedures -

Prediction of crack growth from an initial length involves three steps:

(1) computation of stress intensity factors (SIF's) as functions of the v -

structure and crack geometry/length, (2) calculation of FCGR's from data

table or fitted functions, and (3) accumulation of crack growths in

response to the time varying cyclic loads, crack geometry/length, and

crack tip plastic zone. At Lockheed, for a number of structural -

components or lugs containing typical cracks, these steps are automated in

the computer program "CRACKGROWTH/TH79" [i] and its offspring "LUGRO" [5]. ..
4?

To calculate the SIF's for lugs, the program "LUGRO" takes stress

distribution in an uncracked lug (obtained from finite element analysis)

as input, and performs convolution integration involving Green's functions 9
[3, 4, 5]. The Green's functions, obtained from two-dimensional finite

element models with a crack tip element, are stored in data form in the %

program.

For predicting the damage accumulation, both "CRACKGROWTH/TH79" and
"LUGRO" use a layer-by-layer integration technique to calculate the
incremental crack growth per load block, da/dB, ar function of crack

• "length "a". Its inverse function dB/da is then integrated with respect to
the crack length "a" to obtain the number of load blocks required to grow

a crack from "a" to "a + da".

Hsu's load-interaction model [2] was applied to account for the crack

growth retardation due to tensile overload. For lugs, there is no crack .•

growth acceleration due to compressive overload to consider. This is
because a lug is designed primarily to carry tersile loads; and when it is

J subjected to compressive loads, small tensile hoop stresses are developed
at the crack site shown in Figure 2.

B;th "CRACKGROWTH/TH79" and "LUGRO" consider .constant frequency for the 0

ntiIv Icading spectrum in an analysis. Since the environment enhanced
r-t;k growth rate is frequency dependent, the program "LUGRO" was modified

• is work ;o that the effect of varying frequencies of spectrum loads

v. oint A for.

%. %.
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A scheme for describing the FCGR's as functions of stress ratio, .

frequency, and delta-K was added. This was accomplished by setting up the .
FCGR "tables" for various material/environment/wave-form/frequency
combinations. In each table, the FCGR's are stored in the form of fitted -. '.-'. -W

data or Forman equation constants for a number of stress ratio R's and
delta-K ranges. The FCGR's at frequencies not tested are calculated from %I%.
a linear combination of the FCGR's for two encompassing frequencies for
which data were tested and data or equation constants were stored.

Effect of Interference-Fit Bushing % ..e

The installation of an interference-fit bushing results in substantial
reduction in peak local stress concentration in a lug. Simultaneously,
residual hoop stresses are introduced because the lug hole is enlarged; .

the latter is due to compressive stresses exerted in the radial direction .-.-.

onto the lug hole boundary by the bushing. In the presence of a fatigue , -
crack and a mechanical load cycle, this means a lower stress-intensity
factor range but a higher stress-intensity factor ratio. In lab air, the S
net effect on fatigue life is beneficial when an optimum amount of
interference is used [9]. In salt water, the effect of a lower
stress-intensity factor range should remain beneficial. The effects of
residual stress and higher stress ratio are qualitatively negative. To
determine their net combined effect is one objective of this
investigation. .

Figure 7 shows the fatigue lives of three lugs that were cyclic load
tested in salt water. Let lives be compared on the same basis: the
number of load blocks required for the crack to grow from an initial
length of 0.13 inch to 0.60 inch. Here a load block is equivalent to 3642
cycles. The unbushed lug SW-1 survived about 200 load blocks; whereas the
bushed lug SW-2 survived about 400 load blocks, Even the bushed lug SW-3, .

% d
which was subjected to 50% higher cyclic loads, lasted longer than the
unbushed lug SW-I. Clearly, the net effect of bushing on fatigue life is
beneficial for the tested cases.

Comparison of Predicted and Tested Lives

Figure 8 shows the ratios of predicted to tested crack growth lives. A
prediction is conservative if its life ratio is less than 1.
Incidentally, because of the inherent randomness in material properties ..

and structural details, life ratios and FCGR data normally fall in scatter
bands. For the purpose of development here, the best fit or average FCGR
data were used. In application, the upper bound of the "real" scatter r - W,
band of FCGR data should be used when conservative predictions are desired V
[10].

For unbushed lugs, in lab air and salt water, the life ratios here vary
from 0.90 to 1.70. For lugs, such accuracy is good in view of the high
stress concentrations and the clearance that may have existed at the
pin/lug interfaces.
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For bushed lugs, in lab air and in salt water, the life ratios are 0.96,
0.48, 0.26, and 0.42, respectively. The trend is conservative; and it may
be due to bush/lug interface modeling. As to the low ratio of 0.26 for
the lug SW-2, test records show that the initial crack lengths on the two
outer surfaces are highly unequal. A crack of such shape can be expected %

to grow slower than a through-the-thickness crack. For the other three _6

lugs, the life ratios fall within a factor of 2.4. Although such accuracy

is acceptable, improvement is desirable. ..?

Summary

The FCGR's of the 4340 steel (H.T. 180-200 ksi) in salt water are
functions of cyclic load frequency and stress ratio. They are higher than
those obtained in lab air at lower frequencies and in the lower delta-K
region. Since structures spend most of their crack growth lives at crack
shape/length corresponding to lower delta-K's, it is important to consider '

the service environments and the effect of cyclic load frequencies.

An existing crack growth prediction program was modified, and a VX
table-lookup scheme for describing the FCGR's as functions of stress
ratio, frequency, and delta-K was added. Using the new capability, crack
growth life predictions were made for three attachment lugs that were
spectrum load tested in salt water; and for eight attachment lugs that ,, _
were previously spectrum load tested in lab air. Compared with test
results, predictions for unbushed lugs are satisfactory; predictions for . \
bushed lugs need improvement. Overall, the prediction procedures have
properly accounted for the salt water environment.

The tests also demonstrated that interference-fit bushings had a
beneficial effect on corrosion-fatigue lives of attachment lugs made of .
4340 steel during the test periods. .

The following works are recommended: (1) Improve prediction procedures
for analyzing a lug with an interference-fit bushing; (2) Determine the -
effect of pin/lug clearance on the stress intensity factor of a cracked
lug; (3) Investigate the long term effect of an interference-fit bushing
on the fatigue life of a 4340 steel lug in an aggressive environment; (4) 6
Evaluate the performance of lugs made of more corrosion resistant, high
strength steel alloys.
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0 4340 Steel (HT 180-200) 0 Thru Crack -

Coupon ID Interference-Fit Environment Spectrum A
Bushing Loads -

SB-75 & 77 No {F}

SB-78 & 94 No LC-
Lab Air (

SB-76 & 46 No {C}X 1.5 .. '

SV-43 & 45 Yes {C}X 1.5

Sw-1 No {B}X 1.2

SW-2 Yes {B}X 1.2
Salt Water

SW-3 Yes {B) X 1.5 -/ %,p

%

Figure :1. Case Studies for Straight Shank Lugs %..
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0 4340 Steel (H.T. 180-200 ksi,10-4 --..- ,

3.5 %
NaCI Solution

da dN, .'-

in./cycle %?%

10-5 ) 1 Hz

R 0.2

Lab Air . .'

A = 1 Hz
R 0.2
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Figure 5. FCGR Data in Salt Water and Lab Air
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Figure 7. Tested Crack Growths in Attachment LogsS
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ENVIRONMENTAL CRACKING OF A SIPERFERRITLC SCFINLESS STEL
UNDER SLOW ST{AIN RATE CONDTLONS

J. A. Smith
Material Science and Technology Division

Naval Research Laboratory
Washington, DC 20375-5000

Abstract

Computer aided slow strain rate testing together with electro-
chemical/permeation measurements were performed on a superferritic
stainless steel in 0.6 N NaCI solution. Data show that in the absence of
applied stress permeatiou current density (ip), hydrogen diffusivity (DH),and hydrogen concentration (Co) all decrease with yicreased deforaton. N

In the presence of applied stress, ip and IH values decrease but Co values
increase in going from elastic to plastic straiis. The observed pseudo- r
invariant In the ductility vs electropotential plot for this material is
ascribed to the increase in Co values with increases in plistic strain.
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ENVIRONMENTAL CRACKING OF A SUJPERFERRi['L[C STAINLESS STEEL
UNDER SLOW STRAIN RATE CONDITIONS -. ".

Lat roduct Lon --

Materials utilized for critical coaponents in marine applications

typically require both passivity and resistance to environmental cracking. %

The emergence of a new class of alloys, namely, the superferritic stai-

less steels have created considerable interest because of their excellent

resistance to pitting and crevice corrosion in chlorinated environments

(1,2). The essential features of these alloys are theLir Low interstitial

levels and their high chromium and molybdenum contents.

In many applications these new ferritic steel alloys are required to

be in contact with other Less corrosion-resistant alloys. To prevent IY- %
galvanic corrosion such multi-metal systems are usually protected by the

application of cathodic potentials (3,4). However, at modest cathodic S
potentials, a totally unexpected and surprising tendency toward cracking

occurs in these medium strength alloys.

Generally, in most passive metal systems, the crack initiation

mechanism is considered from the standpoint of surface dissolution effects

related to the competition between passivation and depassivation kinetics. S
Since the surface dissolution process of passive metals in C1- solutions ,..

at open circuit potential (OCP) is dependent in part on the pl1 and elec- % -.%

tropotential of the system and the stress state of the material, the

influence of these parameters requires critical analysis. %

The purpose of the present iork is to study the role of hydrogen
absorption/permeation and stress state in determining the mechanism of

crack initiation in Fe-29Cr-4Mo superferritic stainless steel (AlLegheny %

Ludlum Steel Corporation A129-4C).

Experimental Procedure

The experimental approach utilized ii these tests consists of a

computer-aided slow-strain-rate technique which incorporates facilities

for electrochemical and hydrogen permeation monitoring. Great advantages

are afforded by computer-aided systems because they bring enormous data

acquisitions and manipulative capabilities, as well as, consistency,

reliability, and high speed to the field of experimental corC: sion test-
ing. The slow-strain-rate (SSR) apparatuis used to assess susceptibility -

to environmental cracking consists ot a gear driven system mounted in a

sturdy load frame (Figure 1). In the SSR tests, smaooth tensile bars with
a cross-section of approximately 1. 35 amm K U.8 rnm were pulled to fracture "'"

at a strain rate of 1.45 x l0- 6 /sec, white being exposed to thme relevant

environmiental conditions either it the free corrosion potential )r 1)oten-
tiostat[cally controlled at a predetermi ned potential. Al Loy chemi c- I

compositions and -is received mechanii:'al properties are listed in Tables I
and 2.
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S low-strain-rate/H-permeation testing was carried out with ea,-I,

specimen having an exposed diameter of 19 nun and a thickness of approxi- % -%
mately 0.27 mm. All permeation specimoins are given a 600-grit finish and %"

then the exit side is immediately coated with Pd. A.%

A schematic diagram of tile permeation cell is showil in Figure 2.

Briefly, the technique (5,6) requires the establishment of a diffusion
gradient within a metal specimen by utilizing two electrochemical cells, %-%

one on either side of the metal specimen. On one side, the conditions
within the cell are adjusted via a poteritiostat so that hydrogen is
charged into the specimen; on the other side of the specimen is put under
anodic control so that hydrogen is continually being extracted. Analyzing
the permeation current-time transients by known ,athematical and graphical
methods provides information concerning hydrogen absorption and movement.

Results

Table 3 gives a summary of SS tests for superferritic steel, A129-4C,

in air and 0.6N NaCI solutions. These results show a shift froi ductile

to brittle behavior as one progresses from anodic to cathodic potentials. 'Z
This shift is attributed totally, or in part, to material embrittlement
due to hydrogen absorption.

Slow-Strain-Rate Tests

A representation of tile damage to A129-4C via envirotitnetal corrosion
is expressed ii terms of ductility degradation versus potential in Figur"
3. This graph shows a low ductility region stretching from -1400 mV to

circa -600 mV. By using the pl value of the test solution, one nay calu-
late the hydrogen equilibrium potential, VH/,,i2, by the Nerst equation: 9
VH/H2 = -0.242 - 0.059 pH (SCE). At pt = 6.3, tile calcualted potential is
VH/H2 = - 610 mV. Since this potential is more negative than the observed
open circuit potential of +17 nV, crack propagation at the open circuit
potential is not expected to be controlled by hydrogen related proces:;es. -

However, at controlled potentials nore cathodi: than -611) mV, crack pcopa-
gation is expected to be influenced or controlled by hydrogen diffusion %

processes.

In Figure 4 at OCP, the SEM fractograph shows a predoini'iance of

microvoid coalescence while, in Figure 5 at -600 mV, alpha-cleavage is
seen to predominate. At -1400 mV (Figure 6) large cathodic currens
produce conious amounts of H2 at the aCtal/solution interface. The ad-

sorption of this hydrogen on the surface and subsequent adsorption int,.
the metal result in the fractured specimen saowing little reduction i_
.area and possessing all transgranular alpha-cleavage, numerous scondarv

cracks, and Some microvoids. The observed ,aicrovolds are coiv,[itnt. with ,

the findings of other investLgatori (1).

Electrochemical/Permeation Tests 5.,.v.7

The superior environmental ,rao'king behavior of ;syer ferriri o I-

less steel, A120-4C, appear-; to be vi?;ted i-i ar xi xile ri si, es p..

considerable Cr ,id some to enrichmen, t, ba;2d )i A~,L,,r i-t . \s see:i i-
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Figures 7 and 8, observed open circuit potential in aerated 0.6,; NaCL
solutions at pH 6.3 is approxi'nately +17 inV and resides in a Low curtenit lip
density passive regime. AdditionaLly, referring back to Figur_ 3, One

d notes that no area of low ductility exists outsie the potentiil range
where the evolution of hydrogen is possible. Tois is consistent jith a

cracking mechanism attributable to hydrogen emnbri' t lem, n and irot to a
process dependent on anodic dissolution.

Table 4 shows the behavior of pure iron, some binary iron alloys, %

and A129-4C in 0.6N NaCI at p1l 6.3. tlhi.; table illustrates that, given -.
a certain amount of adsorbed hydrogen, as primarily deternined by plH and
system potential, the amount of absorbed hydrogen is greatly influenced
by oxides, films, etc. at the metal/solution surface. Additionally, one
notes in Figure 9 that the amount of deformation i-ifluences the amount of
hydrogen in a metal. By plotting ip (J -61:) mV as a fE:ction of stress, a
significant decrease in ip values is noted after the yield strength (ny)
is exceeded while ip values are found to be relatively uniform below cy.
This reduction in ip values suggests that hydrogen is being trapped withi I
the metal (8). Such an occurrence together with the increase ia Co values %
(Table 5) at stress levels greater than y suggests that the constancy of %
low ductility values in the cathodic potential range (-1400 mV to circa %
-600 mV) results from the iicreased hydrogen generated ii the plastic N

e stcess range and from hydrogen trapped at and below -611) raV. Together
they conjoi-itly act to embrittle the metal.

Discuss ion

The environtaental cracking behavior f superferriti, staici],ss steel,
Al 29-4C, may be explained on the 'asis of liyir.>gen movement and srface
f i In breakdown. Movement of hydrogen ii usually accomplished throu,;r
diffusion when an appropriate potential exists. It may be accelorat,+d by
the ,nove:ent of dislocations during def rmation ,roceses or restricted "v
t.eir trapping action.

In iron and ferritic steels, di3location cores and 'ra i boInd I-i
are conbidered to contribute greatly to hydrogen trapping (9). )riani
(1) and Mclel lan (1) est imated trap densi ties caused by these lit t ice"
defects (for deformed ferritic steels) to -be on the order of I 17 - :
1j)19 cmn- 3 . For ion-deformed fercitic ;LeoLi the value is expec,,d -

doeiat less (12). It is reasonable t1) an redthat i.tcreased di;t- i

This is noted ia Figure 9. A c,,s tie rat i,n f tihe data i r TantS 4 Id 0 •
al.so support this premise. For felritic Lt i l ,i stee1 .\1 '--. ,wr ,'"
pertent decrease in ip and circa 1' per.:it ,ecnv. i i dir fust,v kJ

rt-su +i upon d.2for;nation via ,)11 r, [trw m *S: ,. red ,ii "

th 1 kl iS

', , r coi )io iis )f l it , d't r ht' i m , n r t ..r t, 1; .O -
iwm , ';- rfamce f ;Irs irno ti lcye ,c 1( ' r i,- . ' - I. r.. ';.

rc,- t ,t ,,ns d-'pe:. iig on the ,! el,('t r ),.)t, i , 1 1 .

sv ti Lil ;, iv ell r t hi, - I'.'L i5''Lerl mi' Clthl ri r'esult ill dini mt~rti. ,,- o 'r vm 1.,' 1 4 '.1n. F [ ml . K+ *.:, ".

P1 ti P1 )['tC. lttnrled tests, mll W ).i I *- i t r i i , * .
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higher plastic strain levels. 'Fable 5 shows the variation of ip and D1 %-_-¢
with increasing stress levels for A129-4C material deformed 85 percent by

cold rolling. Although slight, a definite increase in hydrogen concen-

tration values is indicated with ascending plastic stress level(.--

It has been shown that the cracking behavior of superferritic -6
stainless steel, A129-4C, in chloride solutions is controlled by a
hydrogen related mechanism. The experimental results presented in this
paper indicate that the movement/trapping of hydrogen within the o ;tal i
of great importance in interpreting cracking behavior. in the absenco of
applied stress ip, DH, and Co valies decrease as the degree of deforluation
increases. However, in the presence of stress ip and DIj values decroase
but Co values increase as we go fr)n elastic to oljstic behavior. The,
appearance of a pseudo-invariant line Il the cathodir region of the . -.

ductility vs electropotential plot is ascribed to tii- increase i7 metal
hydrogen content with increasing plastic straii. Thi,; concltisin is in

[ agreement with current observations of -,j r n, ai ti . i i i , 4 L ider
, conditions of cont inuous cathodi,:- Ii vdro ,i c'i.ar:j ii)."%

". WK %i

1. The inherently low 1I-permeiation ril 1. ,.'i t i.) %,I rr "

stainless stete , 1 '9-4C, appeirs t, i 11l _t a - i I j 11 1 11 ,f "1,1-

content of its sur f-tco i un.

2. 4Xs det ined int, tt ,I ti n 'd ml . in pI ,,,- " I . i )[I p,s i W tI ,"

in this 17iet I/' tin .vstc'n tt i-,, t - .

3 J. Ehe t ime , , , p ,  . i i1 m1 -r i r--%

ductility rt i' ",ti ," t ml I t ) ,',' ,-

more el-otr )Ile l.i1m
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FIGURES

Figure I - Slow strain rate apparatus.

NXP%
Figure 2- Electcocheuical/H-perineation test cell.

Figure 3 - The influence of polarization potential on reduction in arearatio (%RAsolmn/%RAair) for A129-4C in 0.6N NaCL solutions.

Figure 4 - SEM fractograph of A129-4C tested in 0.6N NaCL solution at open
circuit potential. ,

Figure 5 - SEM fractograph of A129-4C tested in 0.6N NaCl solution at
-600 iV. 0

Figure 6 - SEM fractograph of A129-4C tested in 0.6N NaCl solution at
-1400 iV.

Figure 7 - The anodic polarization curve obtained for A129-4C in 0.6N NaCl , V
solution.

Figure 8 - The straining electrode polarization curve for A129-4C in 0.6N
NaCI solution. 0

Figure 9 - The influence of stress level on li-permeation (ip) for N129-4C %-..'
in 0.1"N NaCL solutions.

TABLES"

Table I - Chemical composition of superferritic stainless steel A129-4C.

Table 2- The mechanical properties of superferritic stainless steel S
A129-4C.

%%

Table 3 - Sumrary of slow strain rate tests.

Table 4 - The perseation behavior of iron and some iron alloys in 0.()'-
NaCl solutions. " -"- .

Table 5 -Th e if Lueiice of stress level on the ip, DH, and C,) valiles of
superferrittc stainless steel *X29-4C in 0.6N NaCL solutions. S
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CORROSION AND STRESS CORROSION

OF METALS IN DECONTAMINATION SOLUTIONS

Elizabeth Hall and Milton Levy
U.S. Army Materials Technology Laboratory j

Watertown, Massachusetts 02179-J000

ABSTRACT
Highly alkaline decontamination solutions can damage Army I

ia materiel. To evaluate alloys used in its equipment, the Army is
undertaking electrochemial studies in sodium carbonat-, DS2 and
STB. General corrosion rates are reported for full-strength and
diluted solutions. Ferrous alloys, titanium, aluminum alloys,
magnesium and two metal matrix composites are tested. Research V
in progress on susceptibility nf alloys to stress corrosion
cracking and CARC coating durahility is discussed.

I NTRODUCT [ON

The longevity of equipment with potential exposure to toxicV
chemical environments is a priority for the U.S. Army. The
solutions most effective for decontamination, however, pose %

corrosion concerns. These solutions are highly caustic and
neutralize toxic agents either hy oxidation or hy hydrolysis.
Thus they may attack metal as well as organic coatings. This
paper delineates the research in progress at the U.S. Army
Materials Technology Laboratory to ohviate materiel degradation %% %
diring decontamination. :%

At present, electrochpmical techniques are used to
investigate the effects of three decontaminatinn solutions: S
sodium carbonate, DS2 (an organic/hVdroxi d solutin ) and STR
(supertropical bleach) on alloys of steel, titanium, aluminum,
and magnesium as well as composites of aluminum and magnesium.
Decontamination solution and alloy compositions are shown in
Tables 1 and 2. General corrosion rates are quantified and
localized attack is noted. Susceptihility to stress corrosi on•
cracking (SCC) is evaluated using the method of Parkins. In a 7.

later portion of the study, electrochemical impedancp techniques
will be used to evaluate the durahility of chemical agent
resistant coating (CARC) on alloys decontaminited with thps'-
three solutions.

EXPERIMENTAL METHODS

The electrochemical corrosion measjring system i cludes a
Greene cell, a microcomputer controlled Potentiostat/Galvanostat
(PAR Model 273), and a Drintpr/olnttor. Two graphite counter

S. .* v. -- ,'S

" ~ * ~ 5 S~ .-
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electrodes are used. The reference electrode is a saturated
calomel electrode (SCE) separated by a glass bridge with a Vycor W* %.9P

tip. The working electrode disc is fastened in a polyetra-
fluoroethylene holder and has a surface area of 1.0 cm-. Cell
volume is 1 liter. The scan rate is .2 mV/sec.

Tests are run at room temperature. Solutions are not
purged. Equilihrium time required varied between fifteen minutes
and overnight depending on the solution. Line syncronization and
IR compensation are used for low conductivity solutions such as
distilled water and full-strength OS2. Distilled water is used
for dilution to keep results as consistant as possible. Due to
the irritant nature of DS2 and STR, runs are conducted in a hood
with 100 fpm +/- 20 fpm face-flow. Gloves are used when working
with DS2 and STB to avoid contact with skin.

For each alloy, data is gathered by three techniques:
potentiodynamic scan, Tafel plot, and polarization resistance. 0
Tafel slopes of 100 mV are assumed. Computer calculated
corrosion rates are hand-checked hefore they are reported.

Calculation of corrosion rates for metal matrix composites
assume that the silicon carbide particles and the aluminum oxide
fibers do not contribute to the corrosion current. The volume S
percentage is used to approximate the surface area covered hy the
particles. Thus, the corrosion rate is calculated using the
surface area of metal exposed.

Susceptibility to SCC is measured by the method of ParkinsI
The technique involves comparing a fast potentiodynamic sweep
(17 mV/sec) wherein film formation is minimized, to a slow
potentiodynamic sweep (.2 mV/sec). Overlaying the two curves
will indicate any ranges of potential within which therp is
significant current density difference and thus, SCC is likely.
The following boundary conditions are u ed:

(a) Current densities below I mA/cm on the fast sweep are
considered negligible.

(b) At any given point, the current density difference
between fast and slow sweeps, divided by the slow sweep 1 %01 %
current density, shall exceed 1000.
The software controlling the potentiostat has -een modified to
allow 17 mV/sec to he run. •

.- --. .

The slow/fast scan technique will not quantify SCC
incubation time or crack growth rate, hut it may allow a ranking
of alloy vulnerability to SCC. Recause sodium carhonate is so -
well-known a system, it will h used as the basis of comparison
for results in DS2 and STR.

Elpctrochemical impedance techniques on a PAR Model 5208
wi he used to rate CARC coating on samples as "good", "fair", -'-'

or "poor". Coated samples will be soaked in solutinn for ?4
hours. After the open circuit potential has stahilized, Nyquist, %
BRode a.,; phase plots will he generated. Using these plots tn
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f ind "equl valIent c i rcu it s h o Vh v i ca I ebavior of the coatinui
wil h1 e characterized. These, ofpvi v,-lI nt Ci rrcij S wil ,orvp as-
the cri terion for relati v r a nk i03

T LS T T I? X 4

Fi ve all1oys are hii n i n v,,s I ')~rhr) Stppl 10n20
Carpenter 20CB3 (a Ni -Cr stee Po I i ~n mr C M -4V (grade ) pJa%
Alumi num all1oys 5n83, 6061 , /031, (_ }n - iiim / F4I1A , Al 60n6 1/25
volI% SiCr, and Mg 7E41A/3 vni ye F( ro rp I i shePd A 1203) They -
are i n the- mosI. commonly is(-'! hvfa It ~r Patrnn: 3osto dat
are gi ven i n Table 2. TheP )p c in -n aref ena r od by qrioaling with .-

dry 600 grit paper and ulIt ra rn I la n In~ n ,cp".onp.

Sampl Ps a re tested in I~sii abnte hyaete
tested in 1001 OS?, and in i i jt i r) f 5, 10'y and 20'y and pure
w at er. STR is tested as a c at ur ate on I* i on a nd a s a O%
dilution with water.

Fast and slow scans are being rin in In' sodium carbonate.
These data are evaluated with the P,,r ,ins crit-ria.

CARC samples will he( to s;td r, d i sediin carbonate, full -

strength 052, and ST . Dil I ti on-, will h, 1, imite bPi y the numberS
of samples available.

F iJ T

Only a few alloys were klest i s rlIi i cra rbonna teP. The
results are found i n T ahl'I Pe cbnat P i s a g rPs s ive t o0
al1u m in um, hut hen igo t o s t I Th a~ a bi s same testP
matrix was evaluated via the P rk 1-, -cnrigiie. Preliminary d at a
indicate that none of th,-se Wi uw tndency to crack.
However, experiments w it h t ovse w n -vi tof p r (duiiceP cr a ck in q al1s o
showed a low tendency to crac7k. Flscus sions with ')r. Parkins
have lead the author t o conn cIijl t, th i tfh I method may not he a
good indicator of cracking fa-r th-o car t ic ul1a r allo1 ys . Further
investigation will he needjed fr fin 1li 7ing this conclu sio n .

F ull1-s t rengthI OS? is heni go n t l f)I leII )y s. When dilu ted,
OS2 is more aggressive to all1 alle)ys. t Aliiin ii , ho,)w ev e r, i s
acutely susceptible to di 1it ions ji the range of 20 to 30'y OS?.
Metal matrix compos it os hbeh a v-1 similarlIy t n t he base alloy.
Results are listed i n T ale h I - 7.

STB i s very agressivon( y4 1 tt 1i i ne'hinu. Diluting q JBT
m i t i ga tePs the c or ros ion r a t r 1 1 i a 1 ma t r i X
composites had highier cor)n,' sn (, th nae~ v in
some cases . RePsu11t s a r',1is'I

Prel imi nary stress n'~'''e )I i in srylfi r,'.".

c irbo nn a te, u s ing the Par P.9 r n i n c I i n in rnliv
NorminalI i ?ePd d i f fePr Pn cPs i n crr ,i K r r.o~t 1i, i v h ay v beeoPn
belo 0w 1000n in t hep pasi v' r- V oe I I~ .) 'Ie

1. P -
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Normal i zed di ffereoc, - rt vr y hi q h
potentia Is. Fur'thf-r r,,!- , " q jo. . ..n ,' s rpqui red, , .3

especially for react t, ns "i' i ri and aluminum.

This corrosion , I - ' . .. r ;  KY data in the

I it et r ature. W,)rk has i - s in log an d

short term immrsin , j c) r ,'. r t P. x posure
studies may he rorro It .r nation. LongPr
exposures may he cor, . r -a .t- i ations or
situations whora r1ns : i h. effects ot
agents and thei r IP c,* '": ,' .onsidered to
h a v e a n p g l i g a l- .- . . . . - . o f t h e i r l w 

f% 
-

concent ration rpl it ivc .

Sodium Carhonate."

Sodium carhona , wt " solition in
water. It is excell;' n n- ,n t hut slow or

ineffecti ve on others o ind non-toxic. It
is parti cul_ Ia rl I an 'm r 1- cr ''r i f a fr ics,
although i s av 1 mtall ic

equipment. ' It , i ,tjrd as a powder.

From the 1 iter.t r. P w concontrations;
is only mildly c , rr ,, v i t i ni ,

a1thougyh it d oePs 3 t~a i 1 crtns
f e r r i t i c a l l o y s h ec ,.. ... n ,C C . D t a i n .

Table 3 support this.

D S 2 her- "

+S (dec-nt imi n .% % F"

d i ethy 1 ene t rj i n .I i 2-* r ~ r,. I 1

hydroxide. It has a . , , I-i Ita
neutral i zes al q n a.. . is f lmmah!e ;ia-
with a low flashpaini .1.e, ' K 1 ,l o r s

near running q nP ine n . , , .I.p , not
highly toxic, hut wi .. . ...,, atory systi.
In sealed cnntainers ,nhs t
ambient or elevat d t..2 . . . ..... 3w, it vill
ahs orh moistir o 1 i ni .n I

DS2 is reDnrti .' . . .o. r; t r

than zinc or a i , ' j -I m it-)
reported as dcirah! , . . . .. r " (e,,
reported to 3,.. ! -

WJhen , ' -. *. .. ,, ,  -';. -

rnethy l c l I ,, . , , ,,. r n q, ,- -.

the moi Vi y o I c

agressi v . TIn , . . ., . . n .

p% % %

.'* %% %% % %

% .1 ' . % %
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factor. Tarantino found that pure DS2 was non-reactive with
aluminum alloys hut very corrosive upon dilution with water.
Maximum corrosion rates occurred it 30 percent DS2. Tah1e
q presents some of these results. A Canadian study of DS2
containers showed corrosion onj1 on those with defects allowing
DS2 to contact the atmosphere.

Two studies, however, contradicted these findings. The
Naval Civil Engineering Lahoratgry tested coupons hy partial and
cyclic immersion for two weeks. The cyclic immersion coupons
allow moisture to absorb, forming an unknown dilution. These
showed slightly increased corrosion rates for most metals.
Corrosion rates for aluminum however, decreased slightly. Table
10 presents some of this data. A study hy Roberts in 1947 showed .

no detect le corrosion on aluminum or titanium in DS2/10% H2 0
sol ut ion. . .'

Because of its organic constituents, DS2 attacks many
non-metallics. Hughes Aircraft reported an uncross-linked
urethane coatir- exposed to DS2 was turned to syrup within 24 .e

hours. Even atter 2 hours, the urethane was damaged. Because
the urethane used in CARC is cross-linked, CARC is expected to
withstand OS2 after 24 hours. Roberts showed that polyurethane
sheet dissolved in DS2. He tested two types of polyurethane
coatings in pure DS2 and DS2/10%H 2 0. In both cases significant
deterioration was noted. However, in this same test, a glass
fiber/Toxy resin composite showed no deterioration after 24
hours. Roberts' results contrast with those reported hy
Hughes. That study showed some epoxy disolyed from an epoxy-
glass laminate exposed to DS2 for 24 hours. Tests on two epoxy
coatings have shown similarly mixed results. One coating peeled 0
off in less than 10 days, while another in the same test lasted
almost 45 days. On an epoxy adhesive, DS2 caused peel strength
to de reie to 24 percent of the original strength after 24 hours "ll
at 238C.

STB S

STB, supertropical bleach, is a mixture of calcium oxide
(CaO) and calcium hypochlorite (CaOCl ) It contains 10-30
percent 2 aitive chlorine, compared wit' 3-5 percent in commercial
hleach. It has a pH of 1.8, or when diluted 11.5. STR is a
strong oxidizer making it Pf ejtive on most agents. It is
recommended for broad usage. ' Like any hleach, it is dangerous V.
to eyes, skin , the respiratory system and clothing. As a slurry
with water, STR s non-flammable, albeit less effective in
decontamination. ,. '-

As a powder, STB will not penetrate crevices. It can
ignite in contact with agent and produces an exothermic reaction
with anti-freeze (ethylen _ilycol). In reactions with some agents
it produces toxic vapors. It may he stored as an anhydrous
powder for 2 years or more. It is stahlP as a solution for 6 e Pr
weeks at 158 F and for 10 years in hermetically sealed bottles at

Z
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2,3
ambient temperatures. '

7 , 1..

STB is severely corrosive to most metals. 7' 8' 1 3  Hughes
Aircraft reported pitting and discoloration on aluminum alloys
after only 1 hour coupon immersion. Copper, hrass and
electroless nickel plating were also discolored. Martensitic
stainless steel remained passivated for the 24 hour immersion. .

The Naval Civil Engineering Laboratory study showed very low
corrosion rates for Al 5052 and 6061, and titanium alloys;
moderate rates for stainless And Inconel; high rates for Al 1100,
2024, 3003, and other metals. A suhset of this data is
presented in Table 10. Harris reported only Stellite, Hastelloy
and tungsten alloys as having "excellent" corrosion resistance.
Stainlej steel, high silicon iron and Inconel were rated"good' ee , h i1i i ao • .

,.. % h

Dilution is expected to mitigate the aggressiveness of STB.
Unlike DS2, STB solutions are inherently conductive. Dilution
will reduce the chloride concentration.

Most nonmetallics are stable in STB. Hughes Aircraft
reports that a urethane circuit-board coating was intact after 24
hours in STB; a diminished gloss was noted. No physical cha~ge
or strergth loss was seen on an epoxy-glass laminated in STB.
Epoxy adhesive showed no change iT 2appearance or physical
properties in STB after 24 hours.

CONCLUSIONS

Aluminum is very vulnerahle to decontamination solutions. 0

Magnesium and carbon steel are vulnerable to STB.

Metal matrix composites may show higher corrosion rates than
does its base alloy.

The Parkins method of SCC evaluation may not he useful for
the Army's engineering alloys. Further investigation
is required.
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Table I. Decontamination Solution Compositions

%

Sodium Carbonate - 10 wt% solution in water
S

DS2 70 wt% Diethylenetriamine
28 wt% Methyl Cellosnive (Ethylene glycol

monomethyl ether)
2 wt% Sodium Hydroxide

STB Calcium Hypochlorite
Calcium Oxide - added as a stabilizer
Water - optional; used to form a slurry , .'- .

Table 2. Specimen Composition Data . .,. -

Alloy Dens i y Equivalent Composition -' ,-
gm/cm weight wt%

C 1020 7.86 28.98 C-. 17, Mn-.42, P-.009,
S-.006

20CB3 7.86 24.53 C-.019, Mn-.34, Si-.40,
P-.021, S-.002, Cr-19.40,
Ni-32.91, Mo-2.22, 0
Cu-3.26, Cb+Ta-.59 "

Ti-6AI-4V 4.43 11.70 C-.02, N-.014, F -. ''
Al -I 0 V-3 .9, 0-.132

Al 5083- 2.66 9.18 Si-.40, Fe-.4, Cu-.10, •
HI2 Mn- .40/ 1.0, Mg-4.0/4.9,

Cr-.05,'.25, Zn-.25, Ti -.l ,  .

Al 6061 2 .70 9. 15 Si- .60, Cu- .10, Mri-75.
Mg-.10, Cr-. 20, Zn-. 125

A1 7039 2. 70 10 .0k Cr- .16/. 25, Cu- .10, F- -,
M~g-2.3,13.3, Mn -.10/ .40-

Si-.30, Ti-. 10, 7'-3 5/4.5

Mg ZE41A 1 .85 13. 33 Zn-.04, C e- .012, Z-' .00!

Note: Metal matri x composites usp same lata as ma r rix Illoy. V'I
Surface area exposed is modified. - r -,

V. V % .09
aM %;. 
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Table 3. Alloys in Sodium Carbonate

Alloy Corrosion Rate
(mpy)

Carbon Steel 0.14
Alloy 20CB3 0.08
Ti tani um 0.08
Aluminum 5083 28.4
Aluminum 7039 37.4

Table 4. Ferrous and Titanium Alloys in DS2

DS2 Carbon Steel Alloy 20CB3 Titanium
Volume % (mpy) (mpy) (mpy) . '

100 0.01 0.03 0.01
50 0.03 0.04 0.04 S
30 0.20 0.10 0.03
20 0.34 0.25 0.18

0 1.00 0.10 0.02 I
USNCEL Data (100%) 0.3 0.0

Table 5. Aluminum Alloys in 0S2 .2
DS2 Al 5083 Al 7039

Volume % (mpy) (mpy) .

100 0.13 0.02
50 180 400
30 490 990
20 360 980
0 0.04 0.08

USNCEL data (Al 5052) (Al 7178) " -
(100%) 0.6 0.3

% %
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Table 6. Aluminum Metal Matrix Composites in DS2

DS2 Al 6061 Al 6063 Al 6061/SiC

Volume % (mpy) (mpy) (mpy)

100 0.23 0.12 0.22
50 445 421 69
30 >1000 766 444 "e

20 >1000 717 888
0 0.05 7.1 0.24

USNCEL data (100%) 0.6

Table 7. Magnesium Metal Matrix Composites in DS2_•

DS2 Mg ZE41A Mg/FP
Volume % (mpy) (mpy) -.

100 0.03 0.03 "
50 0.29 0.48 S
30 0.24 1.92
20 0.50 0.34
0 4.80 4.90

USNCEL data (Mg-FS)
(100%) 0.5 0

Table 8. Corrosion of Alloys in Super Tropical Bleach

Alloy Full Strength USNCEL 50% Dilution
(mpy) (mpy) (mpy) - -

- A.-..

C.S. 1020 156 12.6 97
Alloy 20CB3 1.28 0.28
Titanium Gr. 5 0.14 0.1 0.14

Al 5083 10 1.3 23 ..-

A1 7039 50 45.5 0

Al 6061 27 1. 1 10
A1 6061/SiC 24 64

Mg ZE41A 125 43.0 290
Mg ZE41A/FP 330 - 575

318 - '
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Table 9. Corrosion Rates of Alumirum 6063-T6
in DS2 Diluted with Distilled Water

Using Tafel Extrapolation

-b
DS2 Corrosion Rate

(Vo 1%) mpy

100 0. 12
95 1.7
90 19 A.
75 84
60 219
50 421
35 724
25 808
10 539

5 387 .% -

2 80 , N

0 7 1
.. % 'P

Source: Reference 9

Table 10 Corrosion Rates of Coupons
in DS2 or STB for 2 Hours

Partia mmer inon Cyclic Immersion* -
Alloy 100 F mpy 75 F mpy

D S 2 S T OS2 S T B

Steel 1020 0.3 i2.6 0.3 5.7

Al umi num 1100 0.8 37.4 0.4 7.8
2024 0.4 48.3 0.2 9.7
3003 0. 7 32.5 0.4 6 .4
5052 0. 6 1 .3 0. 3 3. 3
6061 0.6 1.1 0.3 3.

7178 0. 3 15 .5 0. 2 6 8
Ti-6A]-4V 0.0 0 .1 ).0 0.0
Ti-4AI-3Mo-IV 0.0 0.1 0.0 0.0
Stainless 304 0. 1 4.0 0. 1 4. 2

Stainless 15-7PH 0.0 3.6 0.0 2.4
Inconel MIL-N-6840 0.1 8. 5 0. 1 7. 6
Magnesium-FS 0.5 43 .0 1.6 4.3
Cr plate on steel 0 7 1 14 1 1 4. 7

Cd plate on steel 0.0 6.5 0.0 0.9
------------------------------------------------------------------------

*Immersions were 5 seconds, long folIowed by 15 minut-s )F
atmospheric exposure.

Source: Reference 2
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INTRODUCTION

0 MIXER SUPPORT BOLT FAILED MARCH 12, 1986.

0 BOLT MATERIAL 4340 ESR STEEL Rc 55

o 286 DAYS FROM MANUFACTURE.

0 FAILED IN THREADED REGION.

0 BOLT TORQUED TO 250 ft.lbs IN SERVICE.

o VACUUM CADMIUM PLATING ON COMPONENT.

.2 ...
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OBJECTIVES "-

0 DETERMINE FAILURE MECHANISM OF BOLT. S

CONDUCT TESTS ON BOLTS REMOVED FROM SERVICE TO
DETERMINE STRENGTH LEVEL OF MATERIAL.

o OBTAIN INFORMATION OF DEGRADATION MECHANISMS. •

% w %" %
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APPROACH 
---- ,

0FRACTOGRAPHY OF FAILED BOLT.,. ,

0 METALLOGRAPHY OF FAILED BOLT.:':,:

0MECHANICAL TEST PROGRAMA ON SPECIMENS FROM SERVICE BOLTS•. .:

oRESEARCH PROGRAM TO STUDY M ITIGATLON OF THE PROBLEM. '-':

V%. %

APPROACH.

FRACTORAPHY F FAILD BOLT

METALOGA-H OFFAIED OLT

.- 2"-.<'-
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METALLOGRAPHIC SECTION SHOWING FACETTED NATURE OF CRACK GROWTH.
SOME SECONDARY INTERGRANULAR CRACKS CAN BE SEEN. -
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MIXER BOLT MtATERIAL

0~
NOTCHED BAR TESTS, O.00002"/MIN SRAIN RATE.

CREVICE FORMED BY NYLON FILAMENT IN NOTCH.

ENVIRON. CREVICE LOAD AT FAILURE.
(ibs)

AIR NO 6900

TS
DIST. WATER NO 7500

3.5% NaCi NO GRIPS Jf

3.5% NaCi YES 3250S

0.2M SOD. SULF. YES 2770

3.5% NaCl,-1.2V(SCE) YES 1860

0.2M SOD. SULF.,-1.2V YES 1770

3.5%NaCl, Al 6061 T6 YES 2750

Sq
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MECHANISMS.

o HYDROGEN SEGREGATES TO GRAIN BOUNDARIES AND WEAKENS THEM.
POSTULATED BY LATANISON THAT WEAK BONDING BETWEEN H,S,AND
P RESULTS IN LOSS OF STRENGTH.

DISLOCATION LOCKING OCCURS DUE TO INTERSTITIAL HYDROGEN. I-le

IN ITSELF IT CANNOT EXPLAIN THE DRAMATIC AND CATASTROPHIC '
STRENGTH DECREASES.

IN ADDITION CREVICE CORROSION MECHANISMS OPERATE WHICH
DECREASE ph IN AREA OF CREVICE. FILM REMOVAL TO EXPOSE
SUBSTRATE WILL OCCUR AND HIGH HYDROGEN ION CONTENT WILL
RESULT IN INCREASED HYDROGEN CONTENT IN STEEL. A FURTHER
DECREASE IN STRENGTH WILL BE FOUND UNDER THESE CONDITIONS.

". .%Z"
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CONCLUSIONS.

MIXER SUPPORT BOLT FAILED BY HYDROGEN EMBRITTLEMENT.
POSSIBLY ENVIRONMENTAL EXPOSURE AND A CREVICE FORMED _,,_

BY THE THREADS BOTH CONTRIBUTED TO THE EMBRITTLEMENT.

THE 4340 ESR STEEL USED FOR MANUFACTURE WAS GOOD.

o EXPOSER TESTS INDICATE THAT A CREVICE APPEARS TO FURTHER
DEGRADING THE STEEL, POSSIBLY BY CREVICE CORROSION PROVIDING EXTRA
HYDROGEN IN THE HIGH STRESS AREAS AT NOTCHES.

0 A RESEARCH PROGRAM IS UNDER WAY TO INVESTIGATE MITIGATION BY ION
IMPLANATION TO BLOCK HYDROGEN DIFFUSION PATHS.

COMPONENT TESTING IS BEING CONDUCTED TO AID DESIGN BY PROVIDING 1-

INPUT DATA TO STRESS ANALYSIS PACKAGES SO BETTER PREDICTION OF
THE USEFUL SERVICE STRENGTH LEVELS CAN BE ACHIEVED.
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ENVIRONMENTA4LLY ASSISTED) CRACK INIT1ITON 0

IN IGNITION STANIER BREECH CHA~MBERS r

by

R. D. Daniels, D. M. Egle, A. S. Khan

University of Oklahoma
Nor r m"an, K

and

A. 13, Gillies
OklaomaCit ~- Logistics Center
Tinker Air Porce EDase, OK

Ptbstr actS

Failures of steel breech Cnt>C, Cor S in cartridge-ignition

aircraft jet engine star ters, G it iuj ar E oc cur ranc es are a

matter of serious concern. F; 'i na-3e taken several forms,
but usually involve fracture a;c - :iptn ftechme oe
The interior surface of theF dhc tjcect to corrosion because
of the accumulation of comohuc :, o ,c ~ts and moisture behind %NW
heat shields. The corrosic-on 4 r eLrt I , involves pitting .% %

.1* .P.P
%

Twenty-five used bu t Selr..1;Lr&"' e b reec h chambers were
taken f rom service for C u , ~I n ,t 1 r, a nd pressure test ing .

Corrosion products wiere ccllLctc acd 1 analIy zed and the i nter ior
surfaces of the domes er r? z6;d a nd inspected before
hydraulic pressure testing 01 the, ch o7'DerIs t o 5000 psi, a
pressure wellI above tU-e rLr-i,'l c>ric1pressure. Seventeen

of the chambers ruptured. The rei ~ ~ r were examined
tor determine the origin an r 7 -uf tO fai1ures. Three of

the fractures ini tiated at C*e cf these involvedG" ie
preexisting cracks emanatyig fr L itji ts.

The evidence Qa t herod t tjd ytd indicates that
faiFlures encountered in the fc ci e Cr in t a consequence of -

environmentally assistedrs ac t itatice associated with the

pitting corrosion. figric ar a 1 ing cte to pittin did

not correlate with failure c C; r ir. However finit n e e

element analIys is shc ved trt-t c- cr a. L f It-pth 12 percent of the
wall thickness could et c , . ri t cS I nd service loads.

.? d'
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Corrsio prouct wee co leted ,,oa'nlyze an the intrio H
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hyrali pesur tsin o a *h6be st 500ps, . ,"."
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I ntrndtic tion

Cartridge-pneumatic sta, ters 6r e MethlnCal sys t Ems used !

to accelerate jet engine turbines to speeds sufficient to star tt',

the engines [1]. The starters arc- used in twoi modes : (a) t hi, _ ,

c ar tr idge mode, i n which a r aF, 1d Iy bur n i ng s - id pr c,pe 1 -nt .".

cartridge i s ignited w it h in a c c sed c h amb, e r (the b , ('e- t N%#
chamber /car tr idge chaJber aSc 7Y -i.d the ra6p id 1 y e xa-d: i n.'

combustion gases provide the err c~, t ,tar t the F-g Ine, and ( b) h

r.-

the pneumat ic mode, i n wh ich a ir froc a,.,jtt-er enginre or .3 gr otir l':

support compressor provides the c-*,ar ergy. Th ,e b t nef it ----

0of the cartridge mode a re tt-a t i t p o i<,a se-I f -s u ff ic -.ePntI

starting capability, no t de-pe--- t o r, g ro r'J s'_J po rt , ar7-d t -:4. t
it provides a quick start ca:abi lity ,r, vr. ich all en-gines car) be.-.

•- . .

started simultaneously. t-.t u

Failure of breech Carbier S to' Ing ff ir, g is a rta -C-

occurrance, about one out of 20-.00D0 f ir ings , but is -)ever theleos ]
prevalent enough to cause serious concern A number of Steel %*
breech chamber failures that haue occurred since 1978 hae beer,
investigated at the Unverssity ol Qlanna teports on sone of

these investigations h a\,e b Cer,7- puib Iish e d C P, 3]. E a r 1 on,
corrosion wasietroied aetc atatter in most of theean

fai lures, and stress-cori csion c r aC: i,, I w'64 suggested as a
possible failure mechanism i PI. sttd, ras u-nertaen in 1r83 "P''

to determine the opereati n ccrdt i t i "it',n the steel breech "
chambers used on -52 ar att orI. The work ITc'uded .'t
measurement of temperatures, iprei r r ,E, and stresses that occur
in a chamber during atual fi chrir a fri c e1remert s res .'-

analysis of the c h a -b er L a-ed C n t teRse ac -,Ja 1 o0 -Fr ,t ' n q
conditions [5, and studies of tt e pro2(sity f the st eeI t rte.

intiate and propagate crcus c oler ttle c0tbined influpce of

stress and the residues left ii thE c hamer after fI rnc of
cartridgre Stress-corrosin crac 'nq c-t id es sgee carri s oua
using the slow strain rate tcthlnue. tn te seample in an

environment consisting ()f moistened reSI jue , remrov.ed f rom f ai led
rechambers o - d stdes eostraed that the

residues can cause stress-crrosinr cra firi l re

Based on the cab v oJe: L;a ine i tee ear I ei O des

toenty-five used but de cItte rech camte r s ftCh -5ste..2

aircraft were removed f r _m ,e:- i Le four e, a sl nat ion aT-..l pi s, r
testing to determine the cond1tlc.. uc the chambers an the snce of
and shape of fIdaws and,'l eta( in , t t might be fireet , tnco A
chambers [7]. The c h arLe! s, m? f ; t jT-c-d by the ur~lct rand .Corporation, had been It e t i P fIr u.d eter-r ed Icric t ,s of

time and each had undergone 6 .T r, rs rem m b er cf f ro fil. ed

A c 25 chambers [e)e co-ide-E t t in operatiTca 1 coit ionby existing criteria. ra

INI

%. % .. .'-. . .%

.? .. -- > - -' .,' - . -" " .' .-", "% % : " %Based"onthe, ci%""" in t ari % t.i° ee"

*% twyfv use buw~~ ec h~es fr 8
aircraft~~~~~~~~~~~~~ Peermvdf~ e.c o ~mnto n rs.r
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Service failures in the steel breech chambers have been

primarily of the type shown in Figure 1, wherein the chamber

dome splits open during a cartridge burn. The fracture

typically initiates in the knuckle region, on the side of the

dome diametrically opposite the gas exhaust port. Subsequent to ""

initiation, the fracture propagates around the circumference of

the dome toward the exhaust port and the top of the dome is bent .- °%
away from the chamber to form a flap. Erosion of the fracture .. ,

surfaces by escaping hot gases generally makes it impossible to

detect pre-existing flaws and/or cracks at the location of the

fracture origin.

In the present study the 25 used breech chambers were "'.';. "\

pressurized hydraulically. The goal of the project was to

determine the flaw configurations that might be present in a

chamber after some period of service. It was hoped to determine

flaw sizes, shapes, and locations that are responsible for the

service failures in a typical chamber. The project was divided

into three tasks: (a) pressure testing and nondestructive

evaluation of flaws, (b) stress and fracture analysis, and (c) [.P

metallographic analysis [7]. This paper touches on all phases

of the study, with emphasis on the significance of corrosion on

the general degradation of the chambers and on the development .
of critical flaws.

V. ..-. ,

Examination and Testing of the Breech Chambers

Task (c) included visual examination and photography of

the chambers initially and subsequent to each procedure or test

that altered the appearance or condition of the chambers. ,

Examination of Uncleaned Chambers , -,,
After an initial examination of a chamber as-received, th- %

internal heat shields were removed by dry cutting. The inner-
surface of the chamber dome was then examined before any attempt
was made to remove corrosion product and other residues from the

surface (except for the loose products that were collected

during removal of the heat shields). l"".

In general, there were two distinct types of residue on

the interior surface of the chamber dome. A thick, adherent
scale tended to cover the surface surrounding the exhaust port.
It was up to one-quarter inch thick in places. This scale on .
some chambers covered up to 50 percent of the interior surface
area of the dome. The remaining surface was covered by a light
to heavy rust colored scale. This scale, where present in ...

quantity, was less adherent than the scale around the exhaust
port. Examples of both types of scale are shown in F igures 5-.
and 3. Figure 2 shows the interior surface of chamber 7. The
thick, adherent scale is at the bottom of the photoqraph around

the exhaust port. The smoother looking surface above is covered ..
with a thin layer of rust colored scale. The thick, adherent

scale is gray-yellow and gray-brown in color. A portion of this

scale is shown close up in Figure 3. Table 1 sumTarizes results _

of observations on the interior surfaces of the unclr-an-.Pd
%

chamber domes. ,. .

..... . ... .,. .,. ... , . ., . -... , .... , .... .. ., ... , . . .. . . .. ... .. ., .. . . . . .. ..-.-
,,". '-
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Removal and Analysis of Surface Scales
The surface scales were collected from the breech chambers -'

for study by x-ray diffraction. The loose scale could be -

removed by light brushing of the surface but the adherent scale

had to be picked or chipped away. An attempt was made to

, segregate the loose scale from the adherent scale, so that there

were two distinct residue samples for each chamber. The loose

scale was identified with the chamber number and the adherent

scale with the additional modifier "A". In all instances the

'A" scale represented the scale removed from the area around the

exhaust port.

X-ray diffraction patterns were obtained for each of the

* residue samples. The principal compounds identified in each of

the samples are listed in Table II. The compounds are listed in

order of decreasing intensity of the strongest diffraction line

produced by the compound. Because of the number of compounds r 
L probably present in residues, many only in trace quantities, r Nwel

only compounds present in substantial quartities could be P

identified. 0 ,.. .

The average pH of the residues was 5, with the lowest

value found being 3.5. This contrasts with the results for

residues from chambers failed in service that showed an average
*" pH of 3. - S.

Examination of Cleaned Chambers
Scale that could not be removed by mechanical means

without damage to the interior surface of the dome was removed

by cleaning in an ultrasonic bath with a detergent cleaner. The

cleaned surface was then visually examined and photographed.
Particular note was made of the location and severity of pittinq

of the surface. The results of these visual observations, aie
presented in summary form in Table Ill. Also included in the

table are notations on the presence of electroless nickel
plating on the interior surface. A portion of the interior

surface around the exhaust port is plated when the chamber is
immersed in a bath to plate the external surfaces during
manufacture. Small, shallow pits referred to in the table are

less than I mm in diameter and 0.25 mm in depth. Larger pits
are 2 to 5 mm in diameter and more than 0.5 mm in depth..:•.,. "
Examples of deep pitting in chamber 17 are shown in Fiqure 4.

Ultrasonic spectroscopy was employed to obtain an

approximate picture of the roughness and the thickness of pitted-

areas of the dome surface. The method was shown to be capable
of detecting shallow isolated pits of depth less than 0.03 inch -
[6]. The method was also employed to map the wall thickness of
the chamber domes. The nominal wall thickness of the chamber

dome is 0.10 inches out to the knuckle radius where the wall

begins to thicken. Because of general thinning of the wall due
to corrosion, thickness values of 0.07 to 0.09 inches were .- w

common. S

337
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Proof Testing and Chamber Fractures •
The cleaned chambers were proof tested to a design maximum "

pressure of 5000 psi in a hydraulic pressurization systm. %:".%

Automotive automatic transmission fluid was used as the pressure _*

medium. During pressurization the chambers were monitored for %

acoustic emission.

Seventeen of the 25 chambers ruptured. The results of the

proof tests and classification of the dome ruptures are •.)r

presented in Table IV. Not all of the chambers that ruptureo

failed on the first pressure cycle. Some chambers failed only

after several cycles to the proof test pressure. The majority

of the fractures initiated at the weld located at the exhaust

port. The fracture either initiated at the weld as in Figure 5

or went around the weld as in Figure 6. Several chambers

fractured across the center of the top of the dome as in Fiqure .

7. Only one chamber, chamber 7, fractured at a location S

diametrically opposite the exhaust port. In this instance a %

0.75 inch long through-wall crack developed in the knuckle area,

Figures 8 and 9.

Fracture Surface Examination - .

The crack in chamber 7 was cut out of the breech charber 3

and split open. As shown in Figure 10, the crack consists of ,,. .-..
three semi-elliptical pre-cracks. Discoloration of the cracks

was due to corrosion, indicating that the cracks were present

prior to the pressurization test. Dimensions of these cracks

are illustrated in Figure 11. The fracture surfaces of the pre-

cracks were examined using the scanning electron microscope. An

SEM photograph of the pre-crack fracture surface, Figure 12,

indicates intergranular fracture. Outside the pre-crack area -

the fracture surface exhibited features of ductile overload % %

fracture. "> -'

Preexisting cracks were also found in chambers 10 and 20.

In both cases the domes had completely separated from the

chambers during the pressurization tests. The cracks were semi-

elliptical and similar in configuration to those in chamber 7.

Both fractures contained one large crack with small satellite

cracks adjacent to it. In chamber 10 the largest crack

penetrated through approximately 50 percent of the dome wall.

In chamber 20, the largest crack penetration was 80 percent.

The cracks in chamber 10 were about one-third inch in tc tal ,-.'

length; the cracks in chamber 20 were about one-half inch lonq. :-"""
SEM examination revealed the fracture modes to be ductile - -"

overload even in the pre-cracked areas. The fracture sur 4 aces ',

w ere not discolored and showed no evidence of corrosion as did

those in chamber 7. The cracks originated from well defined

pits on the dome inner surface.

3 38
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Wall Thickness Measuements .
Measurements of wall thickness were made on cross-sections-

taken for metalloqraphic e.am.nation on a number of the

chambers. The chambers examined included the ranqe of failure -

types observed. The cr oss-se o-,s were taken ir areas ad Iacent %

to the fracture origins. Ihe results are p e er ted in Table V.

Maximum, minimum, and typical oLoer ed "al thickr es es are -

recorded. As noted above, the nrominal wal I thickness of the tFZ1

dome is 0.10 inch. Figure 13 s',cws an eamrle of e-treme "a I %

thinning in chamber I caused b corrcasion. The wall thickrc-I-

has been reduced by 90 percent. %

Finite Elemernt FrActure Analysis

The failure pressures to be E -pected in the breech

chambers were analyzed as a fui:tion of crack qeometry usirc a

finite element elasto-plastic proqram. The details ci the

program are qiven elsewhere [8,93. The analysis was carried out

for a 4340 steel with a true stress-true strain curve

correspondinq to a 800' F temper- (t ardness of R, L3) E 0]. The

results of the several models e~amined are preset ted in table r
Vl. The models include: no crack or cavity, random variations I.4

in thickness, discontinuous var iation in thickness, partly

spherical cavity, and semi-elliptIcal crack. The partly

spherical cavity (PSC) would be analoqous to a pit shaped as a

portion of a sphere. The semi-ell ipticai crack (SEC) would be a
sharp crack with a semi-elliptical contour. Both the PSC and

the SEC can be cha-acterized by the parameters cit and a. t,
where c is one-half the crack widti (or cavity diameter), a is

the crack or cavity depth, and t is the wall thic~ness.

The operating pressure of a breech chamber dur inq fir i no

is about 1200 psi []. Thus only the models with an SEC cmul1:

produce crack extension at pressures on the order of 120U psi .".

These models assume some wall thinning due to o,erall corrosion

(t 0.08 inch). In addition, the ratio of crack width c/t to

crack depth a/t must be larqe as in models 15, 19, i0, and p. ".

The reason for this is that if c/t is small, the neutral pla,-

does not shift too much when the crack (irows in the thiceless
direction. Since the stresses in the cap change from tensile at S
the inside surface to compressive at the outside surface 4th a

very steep qradient [51, most of the crack tip will sit in a

stress field of lower magnitude than a crack w ith a smaller a't

ratio. With a large c/t ratio the neutral plane shifts tow4ard

the outside as the crack grows.

%~ %
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Discussion and Conclusions

Only one of the twenty-five breech chambers trcted fa) Iled e
in a manner that could be predicted from our experience witr

service failures. This was chamber 7 where fracture Ir ItIate-:

from preexisting cracks located diametrically opposite the %.e,

ekhaust port at the radius where the knuckle reqion bEc Ir,o- .

This is the location where the spherical dome intersects t,,. , .,
cylindrical side wall of the chamber The maximum tE2Ae -, -

stresses produced in the chamber wall during the bur, of %

cartridge are located at this radius 14,5J. Hydra jlic
pressurization of chamber 7 produced only a thro~qh-Yi.ll

fracture at this location, Figures 8 and Pre -r at i c

pressurization would probably have produced a failure similar t- -

the service fai lure shown in Figure 1.

In the absence of preexisting cracks or o t r e-

defects in the dome wall, overload failures initiating at the
weld around the exhaust port are to be e~pected. Th"eweId
reinforcement introduces a stiffness at this location which act _ " IN

to concentrate the stress. In those instances w here t e

chambers failed across the top of the dome, the ultrasor c .I -% %

thickness maps of the domes showed that the fract~r e -aths
approximately matched the boundaries where there was a dist ict ..It

discontinuity in wall thickness. Hcwe~er, these maps did not %
identify the fracture origins. %

The residues removed from the chambers included oides &f
iron and potassium chloride. The potassium chIoride il1
increase the corrosion rate in the presence of moisture and trod .
to increace the acidity in pits through the hydrolysis reacti' ." "

involving the chloride ion. Observations on cleaned chaT- 1es&-..

indicated that pitting was more sev.ere in areas which ! e'
plated with electroless nickel. Since the temperature on tr-e-.
inside surface of the dome reaches 500'F to 800' F dur inq a
cartridge burn [4], the electroless nickel is Expected to crack
due to brittleness of the coating produced by heatinq to these - .
temperatures and the differential expansion with the stpel.
Cracks in the -oating will in turn set up galvanic cells that
promote pitting of the steel.

The wall thinning, mapped ultrasonically anfd muLsureLd i n
particular locations by taking cross-sections, did not correlate
with failure load or origin. The finite element analysis scwed -,

that thickness variations were insufficient to cause failure at
the chamber operating pressure. The analysis also showed that
the presence of a pit could cause yielding at the bottom of the "-

pit but not failure under operating conditions.

..

• . . . . . . .-
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The finite element analysis showed that cracks could

extend subcritically under chamber operating pressures if crack

qeometry is favorable. For a semi-elliptical crack the c/t

ratio must be large compared to the a/t ratio. One model (model

19 in Table VI) demonstrates that a crack with a depth 12

percent of the wall thickness will extend sub-critically under

loads of only one-half the chamber operating pressure.

Cracking appears to initiate at the base of pits. It is

speculated that when isolated pits reach a certain size, the

stresses produced by firi-g a cartridqe cause yielding to occur-

at the base of a pit. Yielding induces tensile residual

stresses localized at the pit. Corrosive agents in the,
comhustion residue (combinTed with moisture which collects behind_
the heat shields between firings) and the re-+idual tensilp 
ctresoes must promote environmentally assisted crackinq. This

process starts a microcrack at the base of the pit. If

microcracks of several adjacent pits coalesce, as in Fiqure 10,

a crack large enough to permit subcritical crack growth under
service conditions is produced. This crack qrows slowly'

kpresumably over a period involving a number of car tridge r%

firings) until it becomes critical under the chamber operatinq

conditions and failure occurs. The process of subcritical crack .

qrowth can be considered as a form of low cycle corrosion-

fat i gue.

While this mechanism is plausible, there are unanswered "

questions. First, it is not understood why some of the chambers

had more acidic residues than others. Second, it has been 0

cbserved in examination of service failures that some secondary

cracks found in chambers appeared to initiate from a surface

which was essentially free of Dits [3]. Finally, the rate of ..f

crack growth in the low cycle fatigue region is not addressed.

These observations do not invalidate the mechanism proposed, but

they do indicate that the process may be more complex than

out l i ned.

Two possible remedies for preventing failures in service %

emerge. First, the chamber could be redesigned so that the heat .
shields could be removed for regular inspection and cleaninQ o f.

the inside surface of the dome. Cleaning would likely reduce
the overall corrosion and visual inspection would facilitate

removal of pitted chambers from service. Second, if cracks of <"

25 to 50 percent of the dome thickness can exist before failure,

then it should be possible to develop an NDE technique to

inspect the chambers.
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Table
Condition of Breech Chamber Dome Interior Surfaces (uncleaned)

Chamoer Heavy Scale Rust
No. Color %Coverage Location Liont H4eavy ZCoveraqe
I Grey-green 20 on plated area and also encir- X 80

cles chamber in knuckle region - -
2 Grey-green 20 on plated area X 80 -

3 Green-blue 25 on plated area X 75
4 Rea-orange 3 confined to knuckle region X 97

behind exhaust port *

5 Black 70 area opposite exhaust port X 30V
not covered

6 Grey-yellow 50 1/2 dome opposite exhaust X 50
port not Covered .

7 re-yellow 50 x50
Grey-Drown

8 Brown 35 area opposite exhaust port X 65
not covered

9 Grey-brown 55 X 45
10 Grey 40 X 60
11 Grey 30 on either side of exhaust port X 70
12 Yellow-black 50 area opposite exhaust port not X s0

covered
13 --- 0 -- X To00

14 Grey 30 around exhaust port X 70
15 Grey 5 in knuckle region behind X 95

exhaust port
16 Grey-black 50 in plated area and a patch X so

opposite exnaust port
17 Brown 15 around exhaust part X 85

19 Black 3 in knuckle reqion behind X 97
exhaust port

20 Black 15 only on one side of exhaust X 35
port

I1 Grey-black 25 around exhaust port X 75
22 jrey 210 only on one side of exhaust 30

port
23 Brown 15 IIx85

2 4 Black 70 middle domed portion not X 30%%
cove red *

25 Brown 10 scattered patcnes over entire X ?0 ~
dome , ~
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Table I: .T,-. .

Comnpounds Identified in Chamber Residues .''.-'

Corrosion Major Corros ion Major--- --
Product No. Compounds Present Peak Product "'o. -CompoundsPresent Peak ]

- .. , .

4Fe 30 4. FeOOH e04 18 Fe3 4 Fe20, KCI Fe304 -..

;-..'..,4

5 Fe20 , KCI, FeOOH I e20 18A Fa30 , Fe20 , KCI Fe304 .-..

2~~ .*33V 23

6 KCI , Fe304 Fe203 KCI 9 Fe30, Fe20, KCI Fe304

7 Fe 20 3, KCI, Fe304 Fe 2 03 19qA Fe30 4, Fe 20 3, KCI Fe 304

7A KCI, Fe 20 30 F e 304 KCI 20 KCI, Fe304, Fe 203 KC1 ,_,,

8 KCI, Fe 304, Fe 20 3 KCI 2CA Fe20 31 Fe 304. KCI Fe20 3 -,w ,

8A KCI, Fe30, Fe203 KCI 21 KCI , Fe304 KCI .,'.

9 KC1, Fe30 , Fe 03 KCI K,, CI , Fe304 KCI ...-..

3 4K ... 3e 3 F 4 FeO FeO-' . .
9A KCI, Fe 04 Fe 0]  Kc 22 Fe , Fe ""''"e

10 KC!, Fe30, Fe 03  KC, 22A Fe 03 Fe30, FeOOH Fez 3 0

IOA KCI, Fe 304, Fe2 03 KCI 3 Fe 30 4, Fe 20 3 Fe 304 .. ..

11Fe 20 3, Fe 304 FeO 3  2 3A Fe 30 4- Fe203 Fe304 .:-.-

%

,eO . C,3e0 ,4e0

lIA Fe30 Fe203 Fe304 28 eCI, Fe" -0 . C e3I

12 KCI, Fe304, Fe203  KCI 24A Fe304 , Fe, e0K Fe20,

17A Fe 304  Fe203 9A Feartz Fe0 30 1 Quartz,

13 ~Fe30, FeOOH 34 #
14 KCI, Fe 03, Fe03 KCI 0KC Fe,"e 3  K

14A KC1, Fe203, Fe0 3  KC1 F.2 -3

15 Fe20, Fe 304, KC!,  FC1 -- -C1 F" 3

15A Fe0, Fe0, eC Fe304

16 KCI, Fe 0 Fe 0 22 O,.e. 'eO. e

23 3 2 42

16A KCI, Fe a4  Fe203  (Cl 3F 3 4  e0 3 F 3 4 v*
2 3-.1

17 Fe304, Fe303, KCI .A3e,0 Fe•

3 4' 3- F 3

17A Fe0, Fe3 , KU0 (e .-.-IC..- 4 .0

3 4 3'.3 i

1 Fe30 4 . F ,e 2A .. . .  . , .. . . .  .. . . -C. ,-uart,., ... ,..u.r. A

% C- , e ", . . . . . .

... %."....

14A Cl, e203 Fe3 4 (C -a%
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Table III

Condition of Breech Chamber Dome Interior Surfaces (cleaned)

Chamber Electroless Nickel Plating

No. Severity Location Present Locaton,
0,1 Small shallow pits Dome center yes rsolatea patces between '"''

exhaust hole k nuckle region

2 Small shallow pits Entire surface No -,--
Large deep pits Near exhaust hole

3 Small shallow pits Entire surface No -ua tc ru

Large deep pits Near exhaust port
4 None Yes Circular patch around ""'

exhaust hole _

5 Shallow pits Across dome center No
Large deep pits At 1ome center & around

exhaust hole

6 Large deep pits Around exhaust port Yes Small patches near exhaust
hole 0

7 Small shallow pits Dome center No
Large deep pits To left of exhaust port .. '

8 Large deep pits Around exhaust hole No

9 Large deep pits Entire surface Yes Large patch covers 1/3 of
dome left of exnaust hole

10 Large deep pits Knuckle region behind Yes Small patches to left of
exhaust port exhaust hole

Isolated pits Over entire surface

11 Small shallow pits Covered 1/2 of dome No
Large deep pits Near exhaust hole -

12 Isolated shallow pits Over surface No 0

Large ceep pits Near exhaust hole

13 None Yes Large patch surrounding
exhaust hole

14 Shallow small pits Entire surface No

15 Isolated pits Knuckle region Yes Large patch at dome center

16 Large deep isolated Around exhaust hole No
A- pits

17 Large deep pits Entire surface No"
18 Shallow pits Entire surface No

'solated deep pits At dome center

i9 :solatec small pits Over entire surface No

Isolatea small pits Over entire surface Yes Patch near exnaust nole

None No

22 Large deep vlts Across dome center -No
Shallow pits Elsewnere

23 Ljrqe leep pits Around exnaust mole o,.
Tdal"ow pits Elsewnere . .%

,4 Shallow pits Dome center No

IS None %o
3 46 L

r.,-.P.4 %.e e . . .d .0,.. .. -" .. ,-, , - , ** -, ./,-.,. . r . . , %
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Table IV

Classification of Breech Chamber Dome Failures - ,

Origin at ...
Across or near Includes Inital Initial

Chamber Dome Exhaust Exhaust Total Flaw Flaw
No. Ruotured Aoex Port Weld Port Separation Detected Location

I Yes --- X --- Yes No

2 Yes X --- NO No ---

3 Yes X --- No No ---
$

4 No - - - ---- ---

5 Yes --- X --- Yes No ---

6 No ---

7 Yes --- --- --- No Yes 3/4" crack in
knuckle opposite "
exnaust port

9 Yes X --- -- No No ---

10 Yes --- X --- Yes Yes 1/3" semi-
elliptical crack
adjacent to 0
exnaust port

11 Yes X .-- No No ---

12 Yes X --- No No

13 Yes X No No ---

14 Yes X No No --- S

15 Yes X No No

16 No

17 Yes X No No ---

18 Yes X No No

19 Yes X No No

20 Yes X Yes Yes 1/2" semi-
elliptical crac' .
opposite exnaus:
Dort

21 No ]

"1 No

Yes No No

34 7
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Table V
Wall Thickness Measurements -

(Adjacent to Failure Origins)

Chamber No. of Minimumn Z8Ximam Typical
No. Failure History Samples (inch) (inch) (inch)

1 Ist cycle, 42D0 psi 2 0.009 0 . 06C 0.055-0.060I at welc
3 1st cycle, 4100 psi 3 0.020 0.047 0.035-0.040

at weld

5 1st cycle, 4920 psi 1 0.043 0.072 0.045-0.060
at weld0

6 No failures, circular 3 0.082 0.092 0.086-0.088 '

yield marks in kn~uckle V,

7 1st cycle, 3810 psi 3 0.086 0.093 0.088-0.091 ~;.
3/4 in. through-crack

9 1st cycle, 4940 psi 2 0.077 0.105 0.090-0.095
across dome apex

13 3rd cycle, 5140 psi 3 0.083 0.095 0.087-0.092

at weld

14 1st cycle, 4900 psi 3 0.082 0.095 0.089-0.093

at weld

*17 Ist cycle. 4S80 psi 3 0.051 0.091 0.075-0.085
includes exhaust por-t

18 1st cycle, 4480 psi 3 0.047 0.079 0.060-0.075.,.
includes exhaust port .

20a 1st cycle, 5100 psi 2 0.073 0.091 0.085-0.090
across dome apex e

20b 1st cycle, 5100 psi 2 0.075 0.090 0.080-0.088
across dome apex .

24 1st cycle, 4660 psi 3 0.080 0.088 0.083-0.086
at weld

N_5* .0 . r

%. % %

J, or All -
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Table VI '. -.

Pressures at the First Yield and First Crack Extension withV.
Different Sizes of Partly Spherical Cavity (PSC)

or Semi-El1liptic Crack (SEC)

Model Thickness Cavity or Crack Press ures
No. (in.) Size (cIT x a/T) (psi)

2 0.09 No crack or cavity 2724, 6216

4 0.10 No crack or cavity 2796, 6816

6 0.09 PSC (0.25 x 0.20) 1032, 5004 d.

7 0.077- Random variation in 1968, 5976 .

0.0916 thickness

8 0.063- Random variation in 1920, 5820%
0.094 thickness

10 0.06-0.09 Discont. variation 1596, 3929
in thickness

11 008 SC (.62x 062) 92,432

12 0.08 PSC (0.62 x 0.62) 492, 4206

12 0.08 SEC (0.78 x 0.62) 42,. 4296

13 0.08 SEC (0.69 x 0.12) 420, 4104

14 0.08 SEC (106 x 0.12) 420, 2100

16 0.08 SEC (1.00 x 0.24) 276, 1224%

17 0.08 SEC (1.00 x 0.36) 528, 2424

18 0.08 SEC (1.00 X 0.50) 480, 3072

19 0.08 SEC (1.50 x 0.12) 24, 624

20 0.08 SEC (1.50 x 0.24) 120, 1032

21 0.08 SEC (1.5 x 0.36) 240, 1224

22 0.08 SEC (1.5 x 0.50) 264, 1200

*When the average stress in any element reaches yield stress

or ultimate stress.

Note: The first number under pressure column is for the yield,
while the second number is for crack extensiLon.

40
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1. A STUDY OF PREMATURE FAILURES OF INSTALLED oAVIONICS, ELECTRICAL EQUIPMENT,
AND SYSTEMS EXPERIENCED IN U.S. NAVY OPERATIONAL AIRCRAFT IN TIIE 1960'S AND

EARLY 1970'S WAS REPORTED IN REFERENCE (1). THESE FAILURES WERE CAUSED BY -

CORROSION, WATER INTRUSION AND OTHER CONTAMINATING 
AGENTS. IN ORDER TO REVERSE d

THIS TREND, THE COMMANDERS NAVAL AIR FORCES, U.S. ATLANTIC AND PACIFIC FIEETS

(COMNAVAIRLANT) (COMNAVAIRPAC) REQUESTED THAT CGMANDER, NAVAL AIR SYSTEMS

COMMAND (COMNAVAIRSYSCOM) DEVELOP A CORROSION PREVENTION AND CONTROL PROGRAM

FOR AVIONICS, ELECTRICAL AND INSTALLED SYSTEMS USED IN NAVAL AIRCRAFT.

COMNAVAIRSYSCOM TASKED THE NAVAL, AIR DEVELOPMENT CENTER (NAVAIRDEVCEN) TO

DEVELOP THE PROGRAM TOGETHER WITH A TECHNICAL MANUAL. A CONFERENCE WITH ALL

INTERESTED PARTIES WAS HELD IN 1976 AND ACTION INITIATED TO DEVELOP THE

PROGRAM AND TECHNICAL MANUAL FOR USE BY THE FLEET TECHNICIANS.

2. A REVIEW WAS CONDUCTED TO ASSESS THE OVERALL PROBLEM.

CORROSVE AGETS. ECH ISSE.REQIREDASWERS

A. HOW TO CLEAN AVIONICS, REMOVE CORROSION, RESTORE PROTECTIVE FINISHES;

WHAT CORROSION PREVENTIVES COULD BE USED ON AVIONICS WITHOUT DEGRADING PERFOR-

MANCE OF THE EQUIPMENT; HOW TO RECLAIM EQUIPMENT THAT HAD BEEN EXPOSED TO
CORROSIVE AGENTS. EACH ISSUE REQUIRED ANSWERS. %

B. THE AGENTS CAUSING CORROSION WERE IDENTIFIED, I.E., SALT WATER, SEA. .. . %'
ENVIRONMENT WITH 100% HUMIDITY, MAINTENANCE CHEMICALS, STACK GASES, HIGH

TEMPERATURE, CYCLIC TEMPERATURES, MOISTURE, GALVANIC ACTION IN THe OPERATING

ENVIRONMENT BETWEEN DISSIMILAR MATERIALS, MICROBIAL, INSECT, BACTERIA, FUNGI

PRODUCING ENVIRONMENT, ETC.

C. METALLIC .- .-

WHAT KINDS OF CORROSION CAN WE EXPECT FO SEE? (SEE FIGURE 1-10.) " ].

- :-A
(1) UNIFORM SURFACE ATTACK

(2) GALVANIC

(3) PITTING "

(4) CREVICE (CONCENTRATED CELL) .4

(5) I NTERCRANNULAR

(6) STRESS

(7) EXFOLIATION

(8) EROSION

(9) WHAT DOES IT LOOK LIKE? (SEE ENCLOSURE (1).)

D. NON-METALLIC DETERIORATION

(1) MECHANICAL FAILURE

(2) CRACKING

%.,

%" %.*
%. *.
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(3) SWELLING

3. THE RESULTS OF CORROSION OR CONTAMINATION CAN CAUSE FAILURE OF THE EQUIP-
MENT OR UNDESIRABLE ALTERATION OF ITS ELECTRICAL CHARACTERISTICS. THE LIST OF

ALI. TYPES OF MATERIAL USED IN AVIONICS WOULD BE EXTENSIVE; MOST HAVE AN ABIL-
ITY TO FUNCTION WELL INDIVIDUALLY AND WOULD LAST THE LIFE OF THE COMPONENT.

A HOWEVER, THE SYNERGISTIC EFFECT WHEN DISSIMILAR MATERIALS ARE EXPOSED TO A
CORROSIVE ENVIRONMENT IS OFTEN CORROSION.

A. SPECIAL CONSIDERATION. THE CONTROL OF CORROSION IN AVIONIC SYSTEMS IS
NOT UNLIKE THAT IN AIRFRAMES, WITH PROCEDURES USEFUL FOR AIRFRAMES BEING
APPLICABLE TO AVIONICS, WITH APPROPRIATE MODIFICATIONS. THE GENERAL DIFFER-
ENCES IN CONSTRUCTION AND PROCEDURES BETWEEN AIRFRAME AND AVIONICS RELATIVE TO
CORROSION CONTROL ARE AS FOLLOWS:

.• ,"

(1) LESS DURABLE PROTECTION SYSTEM.

(2) VERY SMALL AMOUNTS OF AVIONICS CORROSION CAN MAKE EQUIPMENT
INOPERATIVE, AS COMPARED TO AIRFRAMES.s~. *J.-.

(3) DISSIMILAR METALS ARE OFTEN IN ELECTRICAL CONTACT.

(4) STRAY CURRENTS CAN CAUSE CORROSION.

(5) ACTIVE METALS AND DISSIMILAR METALS IN CONTACT ARE OFTEN UNPRO-

TECTED.

(6) CLOSED BOXES CAN PRODUCE CONDENSATION DURING NORMAL TEMPERATURE
CHANGES DURING FLIGHT.

(7) AVIONIC SYSTEMS HAVE MANY AREAS TO TRAP MOISTURE.

(8) HIDDEN CORROSION IS DIFFICULT TO DETECT IN MANY AVIONIC SYSTEMS.

(9) MANY MATERIALS USED IN AVIONIC SYSTEMS ARE SUBJECT TO ATTACK BY
BACTERIA AND FUNGI.

(10) ORGANIC MATERIALS ARE OFTEN USED WHICH, WHEN OVERHEATED OR
IMPROPERLY OR INCOMPLETELY CURED, CAN PRODUCE VAPORS WHICH ARE CORROSIVE TO
ELECTRONIC COMPONENTS AND DAMAGING TO COATINGS AND INSULATORS.

B. INVESTIGATION REVEALED A SECOND SPECIAL CONSIDERATION WAS MICROBIAL, 0
FUNGI, INSECTS AND ANIMALS CAUSING CORROSION IN AVIONICS. (SEE ENCLOSURE (2).)

(1) MICROBIAL, INSECT AND ANIMAL ATTACK

(A) GENERAL. MICROBIAL ATTACK (WHICH INCLUDES MOLD, BACTERIA AND
FUNGI) CREATES BYPRODUCTS THAT WILL CAUSE CORROSION. MODERN AVIONIC EQUIP-
MENTS, BECAUSE OF THEIR COMPLEXITY, DENSE PACKAGING AND HIGHER SENSITIVITY.
ARE MORE SUSCEPTIBLE TO DAMAGE FROM MICROBIAL ATTACK THAN EARLIER SYSTEMS.
MOLDS, BACTERIA AND FUNGI ARE LIVING MEMBERS OF THE PLANT WORLD AND, IN MOST
CASES, MUST HAVE WATER TO LIVE. THE ORGANISMS CAUSING THE GREATER CORROSION

3 71
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PROBLEMS ARE BACTERIA AND FUNGI. IN ADDITION TO MICROBIAL ATTACK, AVIONI:

EQUIPMENT IS SUSCEPTIBLE TO INSECT AND ANIMAL DAMAGE WHICH CAN RESULT IN

CORROSION. %

(B) BACTERIA. BACTERIA MAY BE EITHER AEROBIC OR ANAEROBIC. -

AEROBIC BACTERIA REQUIRE OXYGEN TO LIVE. OXYGEN CAN ACCELERATE A CORROSTON ,.% .,

ATMOSPHERE BY OXIDIZING SULFUR TO PRODUCE SULFURIC ACID OR BY OXIDIZING

AMMONIA TO PRODUCE NITRIC ACID. BACTERIA LIVING ADJACENT TO METALS WILL
PROMOTE CORROSION BY DEPLETING THE OXYGEN SUPPLY OR BY RELEASING METABOLIC % .. %
PRODUCTS. ANAEROBIC BACTERIA, ON THE OTHER HAND, CAN SURVIVE ONLY WHEN FREE

OXYGEN IS NOT PRESENT. THE METABOLISM OF THESE BACTERIA REQUIRES THEM -O

OBTAIN PART OF THEIR SUSTENANCE BY OXIDIZING INORGANIC COMPOUNDS SUCH AS IRON,

SULFUR, HYDROGEN AND NITROGEN. THE RESULTANT CHEMICAL REACTION CAUSES CORRO-

SION. BECAUSE OF THE ACIDIC NATURE OF BACTERIAL MICROORGANISMS, METALS ARE

SUSCEPTIBLE TO MICROBIAL ATTACK. MINOR SURFACE CONTAMINATION CAN BE ACCEL-

ERATED INTO A MAJOR CORROSION PRObLEM BY LOCAL BACTERIAL CORROSION CELLS, OR
BY ADDITIONAL ACIDS LIBERATED BY THE BACTERIA.

(C) FUNGUS. FUNGUS IS A MICROORGANISM GROWTH THAT FEEDS ON

ORGANIC MATERIALS AND GENERALLY TAKES THE FORM OF MOLDS, RUSTS, MILDEWS AND

SMUTS. FUNGAL GROWTH REQUIRES SPECIFIC ENVIRONMENTS AND NUTRIENTS FOR

SURVIVAL. FUNGI ARE COMMONLY FOUND IN THE FOLLOWING COLORS:

BLACK -

YELLOW

GREEN

BLUE-GREEN

(D) FUNGI-PRODUCING ENVIRON,!ENTS. WHILE LOW HUMIDITY DOES NGT %--

KILL THE FUNGI MICROBES, IT SLOWS THEIR 6AROWTH. IDEAL GROWTH1 CONDITIONS FOR

MOST FUNGI MICROBES ARE TEMPERAitRES BEIWEEN 6801' (200 C) AND 104 0 F (40 0 C) AND " 
'

A RELATIVE HUMIDITY BETWEEN 85 AND 100%. IT WAS FORMERLY THOUGHT THAT FUNGI -. r'

ATTACK COULD BE PPEVENTED BY APPLYING MOISTURE-PROOF COATINGS TO NUTRIENT

MATERIAL OR BY DRYING THE INTERIOR OF COMPARTMENTS WITH DESSICANTS. IT WAS.- %
NOT KNOWN THAT SOME MICROORGANISMS REMAIN IN SPORE FORM FOR LONG PERIODS, EVEN

UNDER EXTREMELY DRY CONDITIONS. FURTHERMORE, ELECTRICAL INSULAT1NG VARYISHES

AND SOME MOISTURE-PROOFING COATINGS ARE ATTACKED BY MULD, BACTERIA, OR OTHER

MICROBES, ESPECIALLY IF THE SURFACES ON WHICH THEY ARE USED ARE CONTAMINATED. '"

DIRT, DUST AND OTHER AIRBORNE CONTAMINANTS ARE THE LEAST RECOGNIZED CONTRIB- S

UTORS TO MICROBIAL ATTACK. EVEN SMALL AMOUNTS OF AIRBORNE DEBRIS CAN BE

SUFFICIENT TO PROMOTE FUNGAL GROWTH.

(E) FUNGI NUTRIENTS. IT HAS LONG BEEN THOUGHT THAT MATER IA. S ,i'CH

AS WOOL, COTTON, ROPE, FEATHER AND LEATHER WERE THE ONLY MATERIA.S KNOIN TO,
PROVIDE SUSTENANCE FOR FUNGI MICROBES. THE INCREASING COMPLEXITY OF SY"IfIFTIC

MATERIAL MAKES 1'I DIFFICULT OR IMPOSSIBLE TO DETERMINE FROM TVIE NAME ALONE
WHETHER A MATERIAL WILL SUPPORT THE GROWTH OF FUNGUS. MANY ('THfRFISF RES 1-

TANT SYNTHETICS ARE RENDERED SUSCEPTIBIE FOR FUNGI ATTA K BY THE APP.IACI'ION %,

At
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CF A PLASTICIZER H R HAiRDFNER. THE SERVICE LIFE, SIZE, SHAPE, SURFACE SMOOTH-
NESS AND CLEANLINESS CF TilE EQUIPMENT, ITS ENVIRONMENT AND THE TYPE OF I'UNGI
V\CROORGANISM INXOLV7B ALl. DETERMINE THE DEGREE OF FUNCAL ATTACK.

(F) DAMAGE. DX5tA(E RESULTING FROM MICROBIAL ATTACK CAN OCCUR WHENP ANY OF THREE BASIC MECHANISMS OR A COMtBINATION OF MECHANISMS IS BROUGHT INTO

PLAY: FUNGI ARE DAMP AND HAVE A TENDENCY TO HOLD MOISTURE, WHICH CONTRIBUTES
TO OTHER FORMS OF CORROSION; BECAUSE FJNG ARE LIVING ORGANISMS, THEY NEED

FOOD TO SURVIVE. THE FOOD IS OBTAINED FROM THE MATERIAL ON WICH THE FUNGI

ARE GROWING; THESE MICROORGANISMS SECRETE CORROSIVE FLUIDS lhAT ATTACK MANY

MATERIALS, INCI.LDING SOME THAT ARE NOT FUNGI NUThIENT. OPTICAL DEVICES CAN
ALSO BE DAMAGED BY MilROORGANISMS. LENS COATINC ARE EXTREMtELY SUSCEPTIBLE TO

FUNGAL ATTACK WiCH ',,ILL TAKE ANY OF THREE FORMS: A SPIDERWEB, A FLAT STAR-

FISH SHAPE WHICH LEAVES A MILKY STAIN, OR MINUTE CITRCULAR SPOTS THAT ETCH THE

GLASS. UNDER PROPER ATMOSPHERIC CONDI1IONS, FUNGI CAN CROW ON ALMOST ANY

SURFACE. (c- 77 T

(G) CORROS:CN CAUSED BY INSECTS AND ANIMALS. DAMAGE TO AVIONICS
EQU1PMENI CAN BE CAUSED BY SMALL lNSECTS AND ANIMALS, ESPECIALLY IN TROPICAL

ENVIRONMENTS. EQU:PMENI IN STORAGE IS SUSCEPTIbLE TO THIS TYPE OF ATTACK, ". 2
SINCE INSECTS AND SNALL ANIMALS MAY ENTER THROUGH VENT HOLES OR TEARS IN

PACKAGING. IN SOME CASES, INSECTS HAVE ENTERED SMALL OPENINGS, PITOT LINES
AND AIR VENTS IN A ;RCRAFT, CAUSING BLOCKAGE. IN THE CASE OF PACKAGED EQUIP-

,4T, T'HEY .MAY BUILD NESTS WHICH TEND TO ABSORB MOISTURE. THIS MOISTURE, PLUS
EXCRETIONS AND SALTS FROM THE INSECTS AND ANIMALS, CAN CAUSE CORROSION AND I

DETEI1ORATION THAT GO UNNOTICED UNTIL THE EQUIPMENT OR SYSTEM IS PUT TO USE
" AND FAILS. ANOTHFR TYPE OF DAMtAGE CAN OCCUR WHEN ELECTRICAL INSULATION, ,.

"VARNISHES AND CIRC11: BOARD COATINGS BECOME FOOD FOR INqSECTS. ONCE BA/RE WIRES"

€ OR CIRCUIT COMPONENTS ARE EXPOSED, MORE AREAS BECOME AVAILABLE FOR CORROSION
AND SHORTING TO OCCUR. (SEE ENCLOS;URE (3).) . .-

D. DESIGN, PACKAGING AND LOCATION OF AVIONICS IN AIRCRAFT. PRIME CON-
TRACTOR AIRCRAFT MANUFACTURERS ALLOCATE SPACE INSIDE AIRCRAFT FOR AVIONICS

EQUIPMENT, AND PROCURE AVID.NIGS FROM SUBCONTRACTOXS. THE SUBCONTRACTOR
DESIGNS THE EQUIPMENT TO MEET ALLOCATED Si;ACE AND PERFORMANCE STANDARDS

PROVIDED BY THE PRIME CONTRACTOR. THE EQ'. .,FNEN MAY REQUIRE VENTED COOLING OR
THE EQUIPMENT MAY BE PLACED JIE iHE AIRCRAFT IN AN AREA SUSCEPTIBLE TO WATER

LEAKS THROUGH AIRFRAMES, RESULTING IN WATER INTRUSION AND EQUIPMENT FAILURE.

(I) REQUIREMENT. EACH UNIT OF AVIONICS EQUIPMENT MUST BE DESIGNED TO "'
STAND ON ITS OWN IN THE OPERATING ENVIRONMENT AND TO BE RESISTANT TO WATER

INTRUSION, MOISTURE, ELECTROMAGNETIC INTERFERENCE (E:I) AND CORROSION. S

(A) LIDS SHOULD BE SHOE BOX TYPE. % %

(B) FASTENERS SHCULJ bE LOCATED IN VER ICAL WALL; OF '1111-: I)X VIC% -
ON Tfl E lIlD. ,..' ,.

(C) COOLING AND VENTING SHOULD BE DESIGNED TC ENSLRE ",i!AT AXA'ER i,," '7

CANNOT ENTER THROUGH COOLING OR YENTING DUCT HOLES.

, • ,, .,

*%~Z %.*
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(D) CABLFS CONNECTING SYSTEM To BOXES MUST HAVE DRIP LOOPS. h""

(E) AVIONICS MANUFACTURERS MUST GE'I FEFDBA(,K INFORMAION ON REII- '

ABILITY OF EQUIPMENT-
-p t

(F' F1,ECTRICAL C0NNECTORS MUST BE PROTECTED FROM THE ENVIRONMENT. ..

4. LESSONS OF THE FoREGOINC; SHORT HISTORY AND FINDINGS OF THE ASSESSMENT HAVE

BEEN APPLIED AND HAVF RESULTED IN THE DEVELOPMENT OF A VERY SUCCESSFUL

AVIONICS AND ELECTRICAL CORROS ION PREVENTION AND CONTROL PROGRAM BEING CON-

DUCTED THROUGH THE I.S. NAVY.

5. WE WILL NUW GO THROUGH A STANDARD MAINTENANCE CYCLE OF A FAILED COMPO- .

NENT. A FAILED COMPONENT IS REMOVED FROM THE AIRCRAFT AND INDUCTED INTO THE

SECOND LEVEL OF M2AINTENANCE, THE AIRCRAFT INTERMEDiATE MAINTENANCE DEPARTMENT

(AIMD), TO DETERMINE AND CORRECT THE PROBLEM IN THE FAILED EQUIPMENT. THE

EQUIPMENT IS ')PENED AND ', ISLALLY INSPEC'!El) FOR CORROSION OR CONTAMINANTS. IF 0
CORROSION IS DETECTED, "iiE EQUIPMENT IS FORWARDED TO THE ClEANTING AND CORRO-

SION WORK CENTERS OR SHOPS, THE EQUIPMENT IS DISASSEMBLED BY A TRAINED
TECHNICIAN, THE CORROSION IS REMOVED BY MINIATURE GRINDING TOOLF, SIMPLE % .

ERASER, MINIATURE GRIT BLASTER, OR HAND POLISHER. THE MILDEST MET1HOD IS ei,
ALWAYS INAT URNPT ANTNI. THE CNETS APE MADE RED L uRE WATER... .... . .. .. .- . . .. . .. .. - ... ... .. .- _ _ 11- 1 - E INSO, gA E ' ' "'

OR CLEANING AGENT DOES NOT DAMAGE INTERNAl. COMPONENTS. (SEE ENCLOSURE (4),) S
THE COMPONENT IS THEN WATER WASHED, USING A DETERGENT/WATER MIX OF NINE PARTS

WATER TO ONE PART DETERGENT. DETERGENTS USED ARE UNDER MII-SPECIFICATION -

MIL-D-16791 (NONIONIC) (JR MIL-C-43616 WITH A 16 TO ONE MIX, WITH A pH UNTER .>

TEN, THE CLEAN COMPONENTS ARE THEN PLACED !N A DRYING OVEN AND D)RIED AT 130°F

(54 0c) WHERE THE DRYING TIME IS DEPENDENT ON THE COMPLEXITY OF THE FQUIPMENT -.

OR COMPONENT BEING DRIED--NORRA!LY THREE TO FOUR HOURS ARE REQUIRED. A HOT

AIR GUN MAY ALSO BE USED FOR SPOT DRYING. ENCLOSURE (5) CONTAINS BASIC

AVIONICS CLEANING REQUIREMENTS, A LIST OF CLEANING CHEMICALS, RECOMMENDED

CLEANING PROCESSES, AND CLEANING AND DRYING RESTRICTIONS. (SEE FICG'RE 13-17.)

A. SOME COMPONENT BOXES, CHASSIS, METAL COMPONENTS MAY FE f1.EANED USINC.

THE ULTRASONIC CLEANING METHOD W.'TH SOLVENT, I.E., TRICHGRTRlFIA.ORETHANE,

MIL-C-81302. CARE MUST BE TALEN NOT TO EXPOSE THE TECHNICIAN TO TIS MATE- -

RIAL, AS THE MATERIAL WILL REMOV OII.S FROM THE BODY EXPOSED T'o A SOLVENT .5,5 -

VAPOR AND DISPLACES OXYGEN. TIllS MATERIAl. SHOULD ALWAYS BE USED IN SMALL,

AMOUNTS IN A WELL VENTILATED AREA. FACE SHIEI), RUBBER ClOVE,- AND COVERALLS

SHOULD BE USED WHEN ULTARSONiC CLEANING IS CONDUCTED. AN ADVANTAGE TO ULTRA-

SONIC CLEANING IS DRYING TIMIE, W1I{CH IS REDUCED TO BETWEEN i SECONDS AND

THREE MINUTES. A DISADVANTACE TO ULTRASONIC CLEANING IS THAT SOME FRFQUENCIES 0
IN THE CLEANING UNiT CAN DAMAGE SOIME CIRCUITS AND COMPONENTS. THEREFORE,

COMPONENTS TO BE ILTRASONICALLY ('lEANED MUST BE IDENTIFIED BY ENGINEERING .
AUTHORITY,"- '

B. HAND ClEAN7NG WITH N.I.-C-81302 CAN BE ACCONPLISHED By tS NG A SOFT

BRI STLE BRUSH. S

%• %, % %

. .

.- %
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C. WHEN THEt- EQU I PMENT HAS BEFEN CLEANED AND ANY CORROS ION DI1 S( (),ERED n

BEEN REMOVED AND ARRESTED, THE EQUIPMENT JS RETURNED TO THE REPAIR AND CPECl<

TECHNICIAN. THE EQUIPMENT IS REPAIRED AND TESTED !F REQUIRED, ANT) (ORVOSION

PREVENTION CONPOUND MIL-C-81309 TYPE 3 CLASS 2 AEROISOL I S AP E'10 (INTERNAL

AREAS OF TfHE EQOUPMENT. (SEE ENCLOSP'RE (.).) THE MATFB1 Al i - SPi\EAD (N AND

THE EXCESS IS 1AI'ED OFF, LEAVING A THIN, NON-CONDUCTIVE F],N LM F' WATER DIS-
PLACING CORIOSION P~REVENTIVE COMPOUNI). IF CONTACT POINIS ARE IN%\ULVFU, POINTS

MUST BE WIPED TO ENSURE NON-CONDUCTIVE FILM IS REMOVED. 'IHE EQI I PMENTI TEN,

CLEANED AND SEALING MATERiALS ARE USED AS REQUiRED To ENSURE WATER ()R CoppOl-

SIVE FLUIDS OF ANY FORM CANNOTr ENTER THE BOX. ]IHREE BASIC S EAIAN'S A\RE U'SED
MEETING MIL-SPECIFICATION MII-S-8802 , Mll-S-81733, OR ROOM 'TEMIIRTATI. KPFLCN

IZING (RTV) IMIL-A-46146. NORMALLY SEALED AREA-'S ARE LiSAIOUNDI FPSTENI'ERS AND

CONNECTOR PORTS. THE READY FOR I SSLIE (Ri' I COMPONEN,,T IS 1 HEN PACKAGED AND

RETURNED 10 THE USER OR HELD IN A STOREROOM UNTIL, NEEDE)D. (SEECOUE(6).)

D. THE FIRST MAINTENANCE LEVEL (SQUADRON) RE(:ElIES TIIE RFI CO-MPO)NENT, AND)

BEGINS IIISTAI LJNG THE COMPONENT IN THE AIRCRAFT. THE TFCIl1NJ1A,: OPENS 111:

ACCESS PANEL AND INSPECTS THE AREA IN WHICH THE COMPONENTi IS TO BE INSTALLED

(USUALLY IN A SHOCK MOUNTED RACK) TO ENSURE THE AREA AND SHOCK MOUNIED RACK

ARE CLEAN AND) FREE FROM CORROSION OR CONTAMINANTS. WHEN SATISFIED THE iREA IS

CLEAN, THE COMPONENT IS INSTALLED. THE TECHNICIAN THEN INSPFCTIS AND HAND

CLk.ANS 1HE ELECTRiCAL CONNECTOR. TIHE FEMALK CONNECTOV IS TREATFD USING

MIL-C-81302 AND A SOFT BRISTLE BRUSH AFTER CLEANING. MIL-C-81309 TYPE 3

CLASS 2 AVIONICS GRADE WATER DISPLACING CORR(,-'TON PREVENTION f£OMP(IUND 1S

APPLIED TO THE FEMALE CONNECTOR, THE EXCESS IN, WIPED OFF AND THlE CONNECTOR IS

CONNECTED TO THE COMPONENT. THE COMPONENT IS 'IHEN TESTED USING A'FCRAFT POWER

TO COMPLETE THE INSTALLATION.

6. ELECTRICAL CONNECTORS. ELECTRIC.AL CONNECTORS HAVE flISTORICALLY BEEN PRONE

TO cORROSION PRObLEMS, AS DISCUSSED IN REFERENCE (1). HOWEVER, SINCE IHE

AVIONICS CORROSION PREVENfiON AND CONTROL PROGRAM HAS BEEN iMPLEMENTI), THE

PROH..EMS ARE DISAPPEARING. PERIODI1 C MAINTENANCE IS CONDUCTED ON ALL AIRCRAFT

CONNLCGTORS RANGING FROM DAIL Y TO 180 DAYS OR LONGER [N SOME INSTALLATI ONS.

il1'NUTENANCE OF CONNECTORS CONSISTS OV KEEPING THU: (OCNNECTORS' (:I FAN AND LIRY,

FREE FROM CORROSION INTERNALLY AND EXTERNALLY. THIS IS ACCOMPI ><HE) i-S

FOLLOWS:

A. CONNECTORS DI RECTLY EXPOSED To THE ENVIRONMENT. THE CoMPL OR is. . .

OPENED AND INSPECTED; IF CORROSION IS DETECTED ON PINS OR BODY OF T'v

CONNECTOR, IT IS RE1M(IVED BY THE MILDEST METHOD POC S I BLC. THE CONUL lOB - S

THEN INSPECTED WiTH A I OX GLASS TO, ENSURL ALI (OPRC(N EDUCT HIAS BEEN
REMOVED; THE CONNECI OR IS THEN CLEANED 1151 MG AN AC IDUBS AND Mi1l -c-e-1302 .

THE FEMALE END OF THE CONNFCTOR I S SPRA4YF-I WIl' N IL,-C-613o~i TYPE I tAJASS 2

WATER DISPLACING COREoS ION PRFVENTI ON CONPOIIND AND THE EXCESS I S WI PED) OFFE

IT I S RE C'NiNE TEL) AND) WI HEl (lE WI111H A CLEiN C1,0TH1 WETl WI TH Nll.- C-Si 302 TO

REMOVE BCDY OILS1., F IN(;ERPRI IN , ETc. THE EXTERNAL AREA C1F ThlE ClOSEDFl

CO6NNECTOR I S S PREAD W -TH LI L -C -8504 AM'IC(A :d THE AMIGARI) [I As,(F 'JI.. 1) U ku

3(0 MINUTES AN!D A S 'ECOND !02S APPI IPLI. IN EXTREME CSES. lHi t(0NI-El l() IS

VIt.RAPED Willi1 FIFCTE: (Aj SAI No \P TPAI N FED VIill RV ' -(, F, NIlEl..

18-20.



B5. TEST (AN N 1:TO RS TREFATED I)1N TB HI S MAN NERk HA VE B F N X POSFE1) 0 N A I R I RAF T

CARRIERS FOR A S lONG AS 1B 1MON'THS K I TB No L)FG1ADA'I ON '0 THTE SFNNCTR F.S

F IGURE 23.)

7 . CONNECGTORS I STE RNAI 10 THiE AIRFA E CLEANED) N' s;IF -5/ NNER AS I

DESCRIBED AbOVE FOR THE EXTERNAL, (:NNEC1(iI WITH N IL-C-B 1309 T FI~F " (7LASS 2

APPLIFED OUTSID 1 F.PFE CONNECTOR . EREQU1-' D(Y OF PREVFNTIVE M NTADEI S

DICTATED BY THE OPERAT ING ENVI RONNENT. ,

A., ADID '1 1 I 4 CAN.TE(TOR MAINTENANCE - SEALIND. . SEAL TN(, 'il HE ?A(.F SHELL OF

MULTI - P IN PETA C OL'IL(OMNECTORS iLCOMES NE(:ESSAFRY t NDEP R SLE (ONId T iO(NS;

1 E . , WHEN i iF !:,' AIS AR? ALE]j I ED To PINS, WHEN VETITING ADFNTS ARE USED !N 'THE

CONNECTOR B A( K S1. I RE .KHN THESF COND] T110:iS t .,: -i, 'T-PF DA,% K SUET I. OF THE

CONNECTOR IS SEALEDf AS FOll.OWS: THE RETAINER RING AN) HACKJ SPF1ll ARE LOOSENED

AND SILID U1 -1 HE b L DUTE, EXPOS iNC THE RUBBER GROMMET DONT ,15ND: WI RE

RE CEPTA CLE.

B . THE AkFA (FT HIF RU HUED GROMMET I S CLEANED US ING AN ACID BRUSH AND I -R

MIL-C-SI 302, TEE iF> :NC THAT SE-ALING PLUGS (DOG TiONES) ART 1 NST,\LIED IN UNUSED)'

W1iRE RECEPTACLE CA Tj F~S. S;EALANT IS APPLIED (RTV-3140 ALCOHOL CURE) TO THE

BACK S IDIE OF 'THE RI'KF fBR ( FMNwT , WORKI MG THE N07.Z!,E OF THE APPICAl O THROUGHr

*THE WIRE BUNDLE TO' ENSUES-' COMPIlETE COVERAGE. SEALANT TB I (kNE SHOLID NO01

EXCEED I/ It," (I D .ADI IT] DNAi SYALANT MAY FE: ADDED; HOWFEE, AT NO ' '4'E

SHALL SEALAi'NT EXCELD 's 3. 2 P) I CE NES S I.POSITION CONNECTOR FACE IPARAI.- *~.

LET, TO THE FlOOR DEC', 10K 30 P NiIES50 IN IT IAl (.TRE OF SEALANT. AFTER %

3C M IN!UTES, THEF .ONNF(PAOR MAY BF RED) NNECTF) ; H1WEVER THE EA ANT WILL

REQUIRE 24 HOVIE 'OR COMP.ILFTE ('DDE.

8. WIHEN TH 1S PFOCEODRE %;AS U FVFIOLEL), RTV -118, WlilCHA I S AN ACETIC ACID CURE

MATER IAL., WAS S HCTDBCAUSEF IT "S CLEA.R, Af'WIN THE ELECTRON] C TFE-NI (AN

TO REAL) PHi N NUM BERS1 oNi THE SEALED BACK OF VHE GRO1WI',E'f . WI RES CAN HE UHA\NGED

WI TH SEALANT IN P!1 i.ES :NC 51 ANDARD) 101TS . WHETiN A WI1' lIES REPLACED, A DROP

OF SEALANT I S PLACED :N THE INSA HERE WORK, IAS AC(OM'PII MHEI). RT\' 1 V HAS

FIEEN RE PTa CEO 141 T'lH A CLEAR '<TfV -I -140 ,111 I H I S A Ci R. , AL COE4101. CURE M!AT RI 1A 1.

El3MI NAT INC THE ('ORROS I V A!CET]c ACID. RTV -11F C-AM BF USED ; BUT 1'INSF FOR1 A

FUILL 241 DOUR R0 M.-S'1 BF UDDVD, WHIl II REQ1 PFF5 IONNF(,TOR TO REMA IN MlPEN,
PRFVENTlN(; CORROS I N CAUdSED) IIY GA S OFF OF' TU!E AIICAC ID. THEf OMLY ACETIC.

* ~AC ID CURE MATERI AL. i1N 11SF IS lV- 730 WHICH I A1 WHIlEF, H1Gb E 'RAIE-

MATE R I AL, Wi I H A WOk F! N CI T1NMP PAI IS iF OF VM (0~ 0OW - 600 7 0-3 1 ')-C) . USE i OF \"

RT\ -730 MUST 6FE AUTHOR IED!" BY ENGI3NER I N' AUTHOR iT)'. .

A. FEGI!Rf. :,1 -2- 51(4 IlE WAY ITl ' IDNS'ItAL 1 A, AV ION;; \V. S ':T~

(IF](-RE).510WA--I El-V RMOTIMENTAL (CNNF 'ICR N> I EU VERTI .Ai iT ON .~-

TOT' OF A LOX 3MA 'VET.- S...

NOTIF: SIDE lOA),DS V1 llS 'IFI NG(POM K ,lEDj 411. Al I I''.,% F wC ENTER

THEIONDO '' 'II (10 O.EI"ILK(A.DR ~Y S~ ' S

% % %% %
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B. FIGURE 22

NOTE: CORROSION EXISTS WHERE NICKEL PLATE HAS BEEN DAMAGED.

C. FIGURE 23/24 SHOW THE RESULTS OF USE OF A COMBINATION OF MATERIALS I
WHEN JOINED TOGETHER NOT COMPATIBLE TO THE NAVY OPERATING ENVIRONMENT.

ELECTROLYSIS NICKEL PLATED CONNECTOR

STAINLESS STEEL BRAID

NOMAX PROTECTIVE COVER (NOMAX IS KNOWN TO HAVE A WICKING PROBLEM WHEN

EXPOSED TO WATER SUPPLYING THE ELECTROLYTE TO INITIATE CORROSION.)

9. EMI BONDING CORROSION. OVER THE PAST 20 YEARS, THE ELECTRONIC WORLD HAS .- ,_

MADE TREMENDOUS ADVANCES IN TECHNOLOGY. IN THE DEVELOPMENT OF LOW POWER

MICROELECTRONIC SYSTEMS, THE NEW EQUIPMENT IS LIGHT IN WEIGHT, SMALL IN SIZE,

IDEAL FOR USE IN AIRCRAFT WHERE WEIGHT AND SIZE ARE FACTORS. THE NEW SYSTEMS

ARE GENERALLY VERY DEPENDABLE AND ARE REPLACING THE MORE CUMBERSOME MECHANICAL

SYSTEMS USED IN TODAY'S AND EARLIER AIRCRAFT, I.E., FLY BY WIRE, AUTOPILOTS, ...-

WEAPONS CONTROL SYSTEMS, ETC. HOWEVER, THE NEW LOW POWER MICROELECTRONIC

EQUIPMENT AND SYSTEMS ARE SUSCEPTIBLE TO ELECTROMAGNETIC INTERFERENCE (EMI)

CAUSED BY HIGH POWER ELECTRONIC/ELECTRICAL SOURCES EXTERNAL TO THE AFFECTED

SYSTEM OR EQUIPMENT, RESULTING IN SYSTEM/EQUIPMENT MALFUNCTION. TO PREVENT

EMI PROBLEMS, THE EQUIPMENT/SYSTEMS ARE SHIELDED AND GROUNDED BY BONDING TO

THE AIRCRAFT. MOST OF THE MATERIAL SELECTED FOR BONDING BY THE ELECTRONIC .

ENGINEERS HAVE BEEN GOOD CONDUCTORS OF ELECTRICITY BUT ARE CATHODIC TO THE

ALUMINUM SUBSTRATE THEY ARE ATTACHED TO, CAUSING GALVANIC CELLS TO BE FORMED, -
RESULTING IN CORROSION.

- FACTS:

A. CORROSION OF THE AIRFRAME IS CAUSED BY BONDING MATERIAL.

" B. AIRFRAME CORROSION REQUIRES CORRECTION OR STRUCTURAL REPAIR.

C. BOND IS LOST, MAKING THE BONDED EQUIPMENT AND SYSTEM SUSCEPTIBLE TO -

EMI, AS BOND CANNOT BE MAINTAINED DUE TO CORROSION PRODUCT.

D. EMI PROTECTION SYSTEMS ARE REQUIRED TO ENSURE OPERATION OF MODERN

IICROELECTRONIC SYSTEMS.

SOME BONDING SYSTEMS THAT HAVE BEEN USED:

A. BERRYLIUM COPPER STRIPS (SEE FIGURE 25.)

B. SITVER FTILLED EPOXY BONDING MATERIAL WHlICH IS HYDROsCOP L"

ALUI INVM TO SIEEL, ETC.

D. SI.V -. R I.(ADED SII1CON RUBBER EMI SEAL.S

/ %, % I
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ACTION NEEDED:

A. DEVELOPMENT OF EMI PROTECTIVE SYSTEMS/MATERIALS THAT WILL PROVIDE

REQUIRED PROTECTION THAT WILL NOT CAUSE CORROSION IN THE OPERATING ENVIRONMENT.

B. DEVELOPMENT OF ELECTRONIC SYSTEMS THAT WILL STAND ON THEIR OWN AND IN %. •%%

AN ENI ENVIRONMENT. %

10. THE U.S. NAVY IS INVESTIGATING A AND B ABOVE TO DETERMINE THE BEST, MOST

ECONOMICAL METHOD TO PROVIDE REQUIRED PROTECTION TO ELECTRONIC SYSTEMS AND

STOP THE CORROSION FROM OCCURRING. AS STATED ABOVE, THIS SUCCESSFUL PROGRAM

IS ESTABLISHED THROUGHOUT THE U.S. NAVAL AVIATION COMMUNITY. IT WAS ESTAB-

LISHED IN ACCORDANCE WITH CHIEF OF NAVAL OPERATIONS (CNO) INSTRUCTION 4790.2C

AND AMPLIFIED BY COMNAVAIRLANT/COMNAVAIRPAC INSTRUCTIONS. TECHNICAL INFORMA-

TION IS PROVIDED IN THE AVIONICS CLEANING AND CORROSION PREVENTION/CONTROL

MANUAL, NAVAIR 16-1-540. TRAINING IS PROVIDED TO SUPERVISORS, ELECTRONIC

TECHNICIANS AND MECHANICS BY NAVAL AIR MAINTENANCE TRAINING DETACHMENTS

(NAMTRADET), NAVAL AIR REWORK FACILITIES (NAVAIREWORKFAC) AND ON-SITE NAVAL

AVIATION ENGINEERING SERVICE UNITS (NAESU). DETAILED REQUIREMENTS FOR AIMD

AND OPERATIONAL SQUADRONS ARE CONTAINED IN COMNAVAIRLANT/COMNAVAIRPAC
INSTRUCTIONS AS FOLLOWS:

A. EACH ACTIVITY SHALL ESTABLISH AN AVIONICS CLEANING AND CORROSION *

lIREVENTION/CONTROL PROGRAM THAT WILL, FUNCTION ON A DAY TO DAY BASIS. op

B. AVIONICS CORROSION TEAM MEMBERS SHALL RECEIVE NAMTRADET TRAINING

BEFORE THEY ARE CONSIDERED QUALIFIED. n

C. AVIONICS OFFICER SHALL HAVE NAMTRADET TRAINING.

D. ESTABLISH AN AVIONICS EQUIPMENT EMERGENCY RECLAMATION TEAM IN EACH

FLEET ACTIVITY. EMERGENCY RECLAMATION TEAM SHALL CONSIST OF ELECTRONIC TECH-

NlCIANS WHO ARE TRAINED TO RECOVER AVIONICS EQUIPMENT THAT HAVE BEEN EXPOSED

TO UNUSUALLY SEVERE CORROSIVE CONDITIONS, E.G., SALT WATER IMMERSION, FIRE

EXTINGUISHING AGENTS, BATTERY ACID, ETC. 0

11. IN ORDER TO ENSURE THAT FUTURE DESIGNS FOR AVIONICS COMPONENTS ARE MORE

CORROSION RESISTANT, THE CHIEF OF NAVAL MATERIAL (CHNAVMAT) HAS ISSUED GUIDE- .-..- -.

LINES FOR PREVENTION AND CONTROL OF AVIONICS CORROSION (NAVMAT P4855-2 DATED " 1
JUNE 1983). THIS DOCUMENT WAS DEVELOPED AND MADE AVAILABLE TO INDS'STRY.

12. CONCLUSION

A. AVIONICS CORROSION DAMAGE CAN BE MINIMIZED ON AIRCRAFT AN.' ER 7h'•
MILITARY EQUIPMENT BY A DYNAMIC CORROSION PREVENTION/CONTROl. PRO(:A- .

B. DETAILED TRAINING OF INVOLVED PERSONNEL MUST BE FkOV,WED.

C. 1S N.-W MATERIAL BECOMES AVAILABLE, THE OCCURRENCE (F, CC v i'-

SION CAN BE REDUCED THROUGH DESIGNING BOXES THAT WILL NOT I.LM AND ,-!AFIklA.

SELECTION, I.E., NON-CORROSIVE MATERIALS FOR CONSTRUCTION OF _.0'P'EN ".2

EQUIPMENT. _r 7 r T r? T- 2
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D. CLOSE COOPERATION BETWEEN ALL FACETS. I.E., THE AVIONICS/AEROSPACE

COMMUNITY, IS NEEDED TO ENSURE THAT THE MOST DURABLE, RELIABLE AVIONICS/ELEC-
TRONICS ARE PROVIDED IN THE ARMED FORCES. .

"
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EN CLOSURES

(1) CORROSION OF METALS -NATURE AND APPEARANCE OF CORROSION PRODUCTS f/

(2) EFFECTS OF MOISTURE AND FUNGI ON VARIOUS MATERiALS .a.
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CORROSION OF METALS - NATURE AND APPEARANCE OF CORROSION PRODUCTS

TYPE OF ATTACK TO APPEARANCF OF

ALLOY WHICH ALLOY IS SUSCEPTIBLE CORROSION PRODUCT --

ALUMINUM ALLOY SURFACE, PITTING AND INTERGRANNULAR. WHITE OR GRAY POWDER.

TITANIUM ALLOY HIGHLY CORROSION RESISTANT. NO VISIBLE CORROSION

EXTENDED OR REPEATED CONTACT WITH PRODUCTS.

CHLORINATED SOLVENTS MAY RESULT

IN EMBRITTLEMENT. CADMIUM PLATED
TOOLS CAN CAUSE EMBRITTLEMENT OF

TITANIUM.

MAGNESIUM ALLOY HIGHLY SUSCEPTIBLE TO PITTING. WHITE POWDER SNOWLIKE .-

MOUNDS, AND WHITE SPOTS -

ON SURFACE. 0

CARBON AND LOW SURFACE OXIDATION AND PITTING, REDDISH-BROWN OXIDE wl

ALLOY STEEL SURFACE AND INTERGRANNULAR. (RUST)

(1000-8000 SERIES)
, . , . .-

STAINLESS STEEL INTERGRANNULAR CORROSION. SOME CORROSION EVIDENCED BY

(300-400 SERIES) TENDENCY TO PITTING IN MARINE ROUGH SURFACE; SOMETIMES

ENVIRONMENT (300 SERIES MORE BY RED, BROWN, OR BLACK

CORROSIN RESISTANT THAN 400 STAIN.

SERIES).

NICKEL-BASE ALLOY GENERALLY HAS GOOD CORROSION- GREEN POWDERY DEPOSIT.

(INCONEL) RESISTANT QUALITIES. SOMETIMES % -5

SUSCEPCTIBLE TO PITTING.

COPPER-BASE ALLOY SURFACE AND INTERGRANNULAR BLUE OR BLUE-GREEN POWDER

(INCONEL) CORROSION. DEPOSIT.

CADMIUM (USED AS A GOOD CORROSION RESISTANCE. WILL WHITE, POWDERY CORROSION

PROTECTIVE PLATING CAUSE EMBRITTLEMENT lF NOT PRODUCTS.

FOR STEEL) PROPERIY APPLIED. 'UK
CHROMIUM (USE AS A SUBJECT TO PITTING IN CHLORIDE CHROMIUM, BEING CATHODIC
WEAR-RESISTANT ENVIRONMENTS. TO STEEL, DOES NOT
PLATING FOR STEEL) CORRODE ITSELF, BUT

PROMOTES RUSTING OF STEEL

WHERE PITS OCCUR IN THE

COATING.

SILVER WILl. TARNISH 'N PRESENCE OF SULFUR. BROWN TO BLACK FILM.

GOLD HIGHLY CORROSION RESISTANT. DEPOSITS CAUSE DARKENING .

OF REFLECTIVE SURFACES. .

TIN SUBJECT TO WHISKER GROWTH. WHISKER-lIKE DEPOSITS. -'.1

FNCLO( URE (1) 

% %%

'p-p.A.

, ,.' .--.'



EFFECTS OF MOISTURE AND FUNGI ON VARIOUS MATERIALS ,

PART OR MATERIAL EFFECTS OF MOISTURE AND FUNGI _--

FIBER: WASHERS, SUPPORTS, ETC. MOISTURE CAUSES SWELLING WHICH CAUSES THE -

' ' ',s. ' *" ,]

SUPPORT TO MISALIGN RESUTING IN BINDING OFMATRIA

SUPPORTED PARTS. DESTROYED BY FUNGI.

FIBER: TERMINAL STRANS AND INSULATORS ELECTRICAL LEAKAGE PATHS ARE FORMED, CAUSING

FLASHOVERS AND CROSSTALK. INSULATING PROPER-

TIES ARE LOST. DESTROYED BY FUNGI. _

LAMINATED PLASTICS: TERMINAL STRIPS INSULATING PROPERTIES ARE LOST. LEAKAGE

AND BOARDS, SWITCHBOARD PANELS, ETC., PATHS CAUSE FLASHOVERS AND CROSSTALK.

TUBE SOCKETS AND COIL FORMS AND DELAMINATION OCCURS AND FUNGI GROW ON SURFACE

CONNECTORS AND AROUND EDGES. EXPANSION AND CONTRACTION

UNDER EXTREME TEMPERATURE CHANGES.

MOLDED PLASTICS: TERMINAL BOARDS, MACHINED, SAWED, OR GROUND EDGES OF SURFACES

SWITCHBOARD PANELS, CONNECTORS, ETC., AND SUPPORTERS OF FUNGI, CAUSING SHORTS AND 771
TUBE SOCKETS AND COIL FORMS FLASHOVERS. FUNGI GROWTH REDUCES RESISTANCE

BETWEEN PARTS MOUNTED ON PLASTIC TO SUCH AN

EXTENT THAT THE PARTS ARE USELESS.

COTTON LINEN, PAPER AND CELLULOSE INSULATING AND DIELECTRIC PROPERTIES ARE LOST

DERIVATIVES: INSULATION, COVERINGS, OR IMPAIRED, CAUSING ARCING, FLASHOVERS AND -a...

WEBBING, BELTING, LAMINATIONS, CROSSTALK. DESTROYED BY FUNGI.

DIELECTRICS, ETC. " O

WOOD: CASES, HOUSES AND HOUSINGS, DRY ROT, SWELLING AND DELAMINATION CAUSED BY

PLASTIC FILLERS, MASTS, ETC. MOISTURE AND FUNGI.

LEATHER: STRAPS, CASES, GASKETS, ETC. MOISTURE AND FUNGI DESTROYING TANNING AND

PROTECTIVE MATERIALS, CAUSING DETERIORATION. -

GLASS: LENSES, WINDOWS, ETC. FUNGI GROW ON ORGANIC DUST, INSECT TRACK, .' ' ""

INSECT FECES, DEAD INSECTS, FTC. DEAD MITES
AND FUNGI GROWTH ON GLASS OBSCURE VISIBILITY

AND CORRODE NEARBY METAL PARTS.

WAX: FOR IMPREGNATION FUNGI-INHIBITING WAXES WHICH ARE NOT CLEAN

SUPPORT THE GROWTH OF FUNGI, CAUSE DESIRUC-

TION OF INSULATING AND PROTECTIVE QUALITIES,
AND PERMIT ENTRANCE OF IO]URE WHICH V
DESTROYS PARTS AND UNBALANCES FLFClIP!CAI ", - .,

CIRCUITS.

METALS: HIGH TEFMPERATURE. AND MOIS IIPF VAPOR (AU.SF
RAPID CORROSION. FUNGI ANP BACTERIAl. CROWTH

PRODUCE AtCID AND OTHFEPP RODUCTS WII 1'CU SPFED-
CORROSION, ETCHIN; OF SIRFAES AND (A IDATI ON. . .

I NCI P'SIRF t
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THIS INTERFERES WITH THE OPERATION OF MOVING ." .
" "

PARTS, SCREWS, ETC., AND CAUSES DUST BETWEEN
TERMINALS, CAPACITORS, PLATES OR AIR CONDENS-

ERS, ETC., WHICH IN TURN CAUSE NOISE, LOSS IN
SENSITIVITY AND ARC-OVERS.

METALS, DISSIMILAR: METALS MAY HAVE DIFFERENT POTENTIALS. WHEN

MOISTURE IS PRESENT, ONE OF THE METALS

(ANODE) CORRODES. " A
SOLDERED JOINTS: RESIDUAL SOLDERING FLUX ON TERMINAL BOARDS

HOLDS MOISTURE, WHICH SPEEDS UP CORROSION AND

GROWTH OF FUNGI. SOLDERING IRON SHOULD NOT

COME IN CONTACT WITH WIRE INSULATION.

.v %.~

• .'o..% . *

"N1

.. , -

.. %- % 

%° % -°o A

:...-,. .::.
@

%% %% "

%% %% %



EFFECTS OF CORROSION ON AVIONIC EQUIPMENT '.

COMPONENT FAILURE MODE

ANTENNA SYSTEM SHORTS OR CHANGES IN CIRCUIT CONSTANTS AND
STRUCTURAL DETERIORATION."' ,-,-

CHASSIS, HOUSINGS, COVERS AND CONTAMINATION, PITTING, LOSS OF FINISH AND
MOUNT FRAMES STRUCTURAL DETERIORATION.

SHOCK MOUNTS AND SUPPORTS DETERIORATION AND LOSS OF SHOCK EFFECTIVE-
NE SS. 

%. .'.'

CONTROL BOX MECHANICAL AND ELECTRICAL INTERMITTENT OPERATION AND FAULTY FREQUENCY
TUNING LINKAGE AND MOTOR CONTACTS SELECTION. ..

WATER TRAPS STRUCTURAL DETERIORATION.

RELAY AND SWITCHING SYSTEMS MECHANICAL FAILURE, SHORTS, INTERMITTENT
OPERATION AND SIGNAL LOSS.

PLUGS, CONNECTORS, JACKS AND SHORTS, INCREASED RESISTANCE, INTERMITTENT
RECEPTACLES OPERATION AND REDUCED SYSTEM RELIABILITY.

MULTI-PIN CABLE CONNECTORS SHORTS, INCREASED RESISTANCE, INTERMITTENT
OPERATION AND WATER SEAL DETERIORATION.

POWER CABLES DISINTEGRATION OF INSULATION, AND WIRE/
CONNECTOR DETERIORATION.

DISPLAY LAMPS AND WING LIGHTS INTERMITTENT OPERATION, MECHANICAL AND .1
ELECTRICAL FAI LURES. ,€.

WAVEGUIDES LOSS OF INTEGRITY AGAINST MOISTURE, PITTING,
REDUCTION OF EFFICIENCY AND STRUCTURAL

DETERIORATION.

RADAR PLUMBING JOINTS FAILURE OF GASKETS, PITTING AND POWER LOSS.

PRINTED CIRCUITS AND MICROMINIATURE SHORTS, INCREASED RESISTANCE, COMPONENT AND -'
CIRCUITS SYSTEM FAILURES.

BATTERIES HIGH RESISTANCE AT TERMINALS, FAILURE OF
ELECTRICAL CONTACT POINTS AND STRUCTURAL
DETER1ORATION OF MOUNTJNG.

BUS BARS STRUCTURAL AND ELECTRICAL FAiLURES.

COAXIAL LINES IMPEDANCE FLUCTUATIONS, LOSS 01 SIGNALS AND "

STRUCTURAL DETERIORATION OF CONNECTORS. .

F14CLIOSrrRE (3)
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BASIC AVIONICS CLEANING REQUIREMENTS

ALWAYS USE THE MILDEST CLEANING METHOD
_

-e-
1. PRE-CLEANING:

A. DISCONNECT POWER SUPPLY. %

B. ENSURE ALL DRAIN HOLES ARE OPEN.

C. REMOVE COVERS, ETC.

D. DISASSEMBLE WHERE PRACTICAL.

E. USE ONLY AUTHORIZED MATERIALS.

F. ASSURE COMPATIBILITY OF MATERIAL BEFORE USE.

G. MASK, PROTECT ACCESSORIES, COMPONENTS TO PREVENT ENTRANCE OF WATER, SOLVENT/ - "
CLEANING COMPOUND.,.p-,I "f

2. CLEANING EQUIPMENT RAND CLEANING TOOLS FOR HAND CLEANING: ,".

A. COTTON LINT-FREE CLOTH

B. CHEESECLOTH

C. COTTON TIP APPLICATORS (Q TIPS)

D. ACID BRUSH

E. TOOTHBRUSH

3. CLEANING EQUIPMENT INSTALLED/MATERIALS:

A. SPRAY CLEANING BOOTH

(1) WATER ..

(2) WATER DETERGENT

(3) SOLVENT

B. ULTRASONIC

(1) AQUEOUS

(2) CHEMICAL

ENCLOSURE (4) S
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AVIONIC CLEANING MATERIALS

WARNING

SOLVENTS ARE FLAMMABLE AND SOLVENT VAPORS ARE TOXIC. KEEP SOLVENTS AWAY FROM OPEN is

FLAMES AND USE ONLY IN A WELL VENTILATED AREA. AVOID SOLVENT CONTACT WITH SKIN.

DESCRIPTION CHARACTERISTICS APPLICATION RESTRICTIONS "'I

CLEANING GENERAL CLEANING AGENT MIX ONE PART CLEANER DO NOT USE AROUND

COMPOUND, FOR LIGHT SOIL AND IN 16 PARTS WATER OXYGEN, OXYGEN FIT-

AIRCRAFT DIRT IN EQUIPMENT AND APPLY WITH CLEAN- TINGS, OR OXYGEN

SURFACE, BAYS, ON EXTERNAL ING CLOTH. RINSE WITH REGULATORS, SINCE
MIL-C-43616, CASES AND COVERS, AND FRESH WATER AND WIPE FIRE OR EXPLOSION

CLASS 1, OR ANTENNA ASSEMBLIES. DRY. MAY RESULT.

CLASS 1A *

OR EQUIVA- HEAVY CONCENTRATION OF MIX ONE PART CLEANER NEVER USE FULL

LENT SURFACE GRIME, OIL, IN NINE PARTS WATER STRENGTH NOR EVER
EXHAUST SMUDGE AND AND APPLY WITH CLEAN- ALLOW TO DRY ON

• AEROSOL FIRE EXTINGUISHING ING CLOTH. RINSE WITH SURFACE.

CAN TO BE CHEMICALS IN EQUIPMENT FRESH WATER AND WIPE

USED AS BAYS AND ON EXTERNAL DRY WITH COTTON CLOTH. REFER TO SECTION IX -

PACKAGED CASES AND COVERS. FOR EMERGENCY CLEAN-
WITHOUT ING PROCEDURES AFTER

ADDITIONAL IMMERSION OR EXPOSURE -.%
DILUTION. TO GROSS AMOUNTS OF

SALT WATER, FIRE

EXTINGUISHING CHEMI- "

CALS, SMOKE, OR 5

VAPOROUS GASES.

DETERGENT, CLEANING OF TRANS- FOR HAND CLEANING, MIX ONE FLUID OUNCE

LIQUID, PARENT AND ACRYLIC APPLY WlTI FLANNEL. PER GALLON WATER. - -

NONIONIC PLASTICS AND COCKPIT LET DRY, THEN -_.

MIL-D-16791, INDICATOR GLASS REMOVE WITH DRY S

TYPE I COVERS. ALSO USED IN FLANNEL CLOTH.

THE WATER BASED SOLVENT
SPRAY CLEANING BOOTH

V AND THE AQUEOUS ULTRA-

SONIC CLEANER FOR
REMOVING CONTAMINANTS. .

CLEANING AND A CLEANER-LUBRICANT APPLY BY SPRAYING AN DO NOT USE AS A SUB-

LUBR.CATING COMPATIBLE WITH EVEN FILM TO THE SUR- STITUTE FOR MIL-C-
COMPCUND, POTTING COMPOUNDS, FACE. WIPE CLEAN WITH 81302 TYPE 'OR
ELECTRICAL RUBBERS AND INSULA- DISPOSABLE APPLICATOR, TYPE II.

CONTACT, TIONS. CON"AINS OR PIPE CLEANER.

MIL-C-83360, THREE TO FIVE PERCENT AVOID APPLCATION TO

TYPE I SILICONE. MAY BE USED AREAS REQU]RJNG .

FOR CLEANING AND SOLDERING OR COATING.
LUBRICATING ELECTRICAL

CONTACTS.

ENCLOSURE (4).2
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CLEANING GENERAL CLEANER FOR APPLY BY WIPING OR DO NOT USE ON ACRYLIC

COMPOUND, LIGHT TO MEDIUM SUR- SCRUBBING ON AFFECTED PLASTICS AND ACRYLIC

SOLVENT FACE DUST, DIRT AND AREA WITH ACID BRUSH CONFORMAL COATINGS.

TRICHLOROTRI- CONTAMINANTS ON PRE- OR TOOTHBRUSH. AIR

FLUOROETHANE, CISION EQUIPMENT, DRY OR OVEN DRY, AS DO NOT USE ON I
MIL-C-81302, INSTRUMENTS, ETC., APPLICABLE. UNSEALED ALUMINUM

TYPE I WHERE ULTRA-CLEAN ELECTROLYTIC CAPACI-

(ULTAR-CLEAN) SOLVENT IS REQUIRED. TORS. DAMAGE MAY ..-

USE IN CLEAN ROOM RESULT TO END CAPS

APPLICATIONS. MAY BE AND CAUSE LEAKAGE.

USED TO CLEAN DIRT AND

DUST FROM AREAS WHERE

CRITICAL SOLDERING IS .''

REQUIRED.

CLEANING GENERAL CLEANER FOR SAME AS ABOVE. SAME AS ABOVE.

COMPOUND, LIGHT TO MEDIUM SUR- •

SOLVENT FACE DUST, DIRT AND

TRICHLOROTRI- CONTAMINANTS ON ALL

FLUOROETHANE, INTERNAL AREAS OF

MIL-C-81302, AVIONIC EQUIPMENT.
TYPE II MAY BE USED TO CLEAN

DIRT AND DUST FROM

AREAS WHERE SOLDERING

IS REQUIRED.

DRY CLEANING GENERAL PURPOSE APPLY BY WIPING OR DO NOT USE AROUND

SOLVENT, CLEANER FOR MEDIUM TO SCRUBBING AFFECTED OXYGEN OR OXYGEN

P-D-680, HEAVY DIRT, DUST, AREA WITH CLEANING FITTINGS OR OXYGEN

TYPE II CONTAMINANTS AND CLOTH, CHEESECLOTH OR REGULATOR SINCE . .

(HIGH FLASH FIRE EXTINGUISHING BRUSH, TYPEWRITER, AS FIRE OR EXPLOSION

POINT) CHEMICALS IN EQUIP- APPROPRIATE. WIPE MAY RESULT.

MENT BAYS AND ON CLEAN WITH CLEANING

EXTERNAL CASES, CLOTH.

COVERS, STRUCTURAL
: . HARDWARE, MOUNTS, ._

RACKS, ETC.

CLEANER FOR SMOKE APPLY BY SCRUBBING WHEN USED FOR SMOKE

DAMAGE REMOVAL ON AFFECTED AREA WITH DAMAGE REMOVAL,

INTERNAL CHASSIS CLEANING CLOTH, ALWAYS FOLLOW U" WIT"

COMPONENTS. COTTON, TOOTHBRUSH, SOLUTION OF ONE PART B

OR BRUSH, TYPEWRITER, DEIONIZED WATER AND

AS APPROPRIATE. WIPE ONE PART ISOFROPYL

CLEAN WITH CLEANING ALCOOIOL, TT-1-735.

CLOTH.

ENCLOSUVFF4).31
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CLEANER FOR SMOKE APPLY BY WIPING OR MAY CAUSE SWELLING OF

DAMAGE REMOVAL ON SCRUBBING AFFECTED SILICONE RUBBER SEALS

CIRCUIT COMPONENTS AREA WITH CLEANING IN EQUIPMENT EXPOSED *

AND LAMINATED CIR- CLOTH, COTTON, OR TO IMMERSION FOR LONG

CUIT BOARDS. TOOTHBRUSH. WIPE PERIODS.

CLEAN WITH CLEANING
CLOTH. ''''

CLEANER FOR REMOVAL APPLY WITH BRUSH, OR MAY SOFTEN SOME PLAS-

OF WATER-DISPLACING TOOTHBRUSH, AS APPRO- TICS, WIRE HARNESS

CORROSION PREVENTIVE PRIATE. WIPE CLEAN TUBING, OR PLASTIC

COMPOUNDS, MIL-C- WITH CLEANING CLOTH, COATING ON WIRING. -

81309, TYPE II; COTTON. TEST AFFECTED AREA

MIL-C-81309, TYPE 1I; FOR ADVERSE REACTIONS

MIL-C-85054; AND PRIOR TO GENERAL

CORROSION PREVENTIVE APPLICATION.

COMPOUND, MIL-C-16173, 0
GRADE 4.

ISOPROPYL GENERAL PURPOSE APPLY A SOLUTION OF ISOPROPYL ALCOHOL,

ALCOHOL, CLEANER AND SOLVENT ONE PART DEIONIZED OR TT-I-735, IS HIGHLY

TT-I-735 FOR REMOVAL OF SALT DISTILLED WATER AND FLAMMABLE.

RESIDUE AND CONTAMI- ONE PART ISOPROPLY

NANTS COMON TO ALCOHOL, TT-I-735, ALL APPLICATIONS OF

INTERNAL AVIONIC TO THE AFFECTED AREA ISOPROPYL ALCOHOL,

EQUIPMENT. GENERAL WITH CLEANING CLOTH TT-I-735, AND WATER

CLEANER FOR INTERNAL OR TOOTHBRUSH. MAY BE AIR DRIED OR

CHASSIS COMPONENTS. DRIED BY PORTABLE

AIR BLOWER OR OVENS.
SOLVENT CLEANER FOR APPLY A SOLUTION OF .

SOLDER FLUX RESIDUE ONE PART DE]ONIZED ,,-°

IN ALL APPLICATIONS OF OR DISTILLED WATER TO
ELECTRONICS, ELECTRI- THREE PARTS ISOPROPYL

CAL EQUIPMENT AND ALCOHOl., TT-1-735,
MICROMINIATURE ClR- AND SCRUB THE SOLDER

CULTS. JOINT jAND ADJACENT

AREA WITH ACID BRUSH
OR TOOTHBRUSH. WIPE

CLEAN WITH CLEANING

CLOTH, COTTON.

CLEANER FOR FINGER- APPI.Y A SOLUTION OF •
PRINT REMOVAL ON ONE PART DEIONIZEID OR

METALS AND NON- DISTILLIED WATER AND
M ETALI 1CS. ONE PART I SOPROPYI

A,.,COHOL, TT-I -735, TO

A'FFCF'ED AREA WITH

(IEAN IN (I OTH, COTION.
WtIPtv E C'ILEAN.

-% % % e .
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CLEANER FOR BACTERIA APPLY A SOLUTION OF

AND FUNGI ATTACK ON ONE PART SOLVENT

ALL METALS AND NON- TRlCHLOROTRIFLUOR-

METALLICS. ETHANE, MIL-C-81302, -

TYPE 11 AND ONE PART

ISOPROPYL ALCOHOL.,

TT-I-735, TO AFFECTED

AREA WITH CLEANING

CLOTH, COTTON. WIPE .J. -

CLEAN. AIR DRY.

CLEANER FOR SALT WATER APPLY A SOLUTION OF -.

IMMERSION AND FIRE ONE PART ISOPROPYL

EXTINGUISHING CHEMI- ALCOHOL, TT-I-735, AND %.

CALS ON ALL INTERNAL NINE PARTS SOLVENT ,r.

CIRCUIT BOARDS. TR1CHLOROTRIFLUOR-

ETHANE, MIL-C-81302,

TYPE II TO AFFECTED " " "

AREA WITH ul.FANING

COI TON CLOTH, ACID,
BRUSH , OR TOCTI'BRt SH , "

AS APF'ROPT IATF.

CLEANER FOR ELECTRI- APPI Y A SlA" ION ()F

CAL CONTACT SURFACES. ONE I'AR2 DF.'uNIZE1) o R

DISIl IlEl) 'ATER AN"

(NE PART ISOPR'YI.
Al,( )HOl , TT-1-7 J, -

AFFfkFYIL AVRee,..T
A' II BRISH oR i 'F .-
('.!F,'%FR iPF I '

ANI AIR PRY.

WATER, CLEANER FOR SOlDFR S.}Pi Y S(f I ,i- DF!ON' ?FD WATFR, *. "

DISTILLED FLUX RESIDUE IN ALI ()NF I'AR7 P NO. FP lR UBAINABI.F FRU>. U
APPLICATIONS OF I I I Ii -P k/.FF 7, CO'MYFR'! Al I Y A%,AIL- '.

ELECTRON,(S , EI ko- "HRE PF R, > ,PRPI'}I AhIF i'R((EN> ING UN:TS ..

TRICAL EQIPi'MENI ANMI ,': )1101 . 17-I - i'' l'THAT A; P. 1 'J I, F INIO

MICROMINI AIURF N S Ru- t NI AN1 ,','F Sh'ORE , TIITY.
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RECOMMENDED

CLEANING PROCESS VERSUS TYPE OF AVIONIC EQUIPMENT ,, '.

WATER
AQUEOUS SOLVENT BASE ABRA- MINI-,-

TYPE ULTRA- ULTRA- SPRAY SIVE ABRA- RAND "

EQUIPMENT SONICS SONICS BOOTH TOOL SIVE CLEAN

HOUSINGS/COVERS X X X X X X
CHASSIS X X X X X X
RACKS/MOUNTS X X X X X X
CONTROL BOXES X X(I) X X X
INSTRUMENTS x(l) X
LIGHT ASSEMBLIES X X X X(1) X X
WAVEGUIDES X X X X(i) X X
WIRE HARNESSES X X X
SERVOS/SYNCHROS X(1) X
ANTENNAS, BLADE X X X X X
ANTENNAS, DOME X(I) X(i) X X(I) X X

ANTENNAS, RADAR X X(1) X X
ANTENNAS, ECM X X
MOTORS X X(I) X X(i) X X
GENERATORS X X(1) X X(I) X X
BATTERIES X
CIRCUIT BREAKER PANELS X X X X X
GYROSCOPES X(1) X(1) X
PLUGS AND CONNECTORS X X X
HIGH DENSITY CONNECTORS X X
EDGE CONNECTORS X X X
COAXIAL CONNECTORS X X
PRINTED CIRCUIT BOARDS X X

%'-

,. .- " .
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CLEANING AND DRYING RESTRICTIONS

COMPONENT PROBLEM SOLUTION

TRANSFORMERS TRAP SOLUTION IN HOUSING SEAL

SYNCHROS AND SERVOS REMOVES LUBRICANT FROM BEARING SEAL OR REMOVE

METERS AND INSTRUMENT GAUGES TRAP SOLUTION THROUGH OPEN BACK SEAL

SLIDING ATTENUATORS (RF) TRAP SOLUTION IN SLIDE HOUSING SEAL OR REMOVE

TUNABLE CAVITIES TRAP SOLUTION IN CAVITY AREA SEAL OR REMOVE

VARIABLE ATTENUATORS (MICRO- TRAP SOLUTION IN HOUSING SEAL OR REMOVE
WAVE) 0

WAVEGUIDE (MICROWAVE) TRAP SOLUTION IN GUIDE HOUSING SEAL OR REMOVE

(WHEN INSTALLED)

ROTARY SWITCHES TRAP SOLUTION THROUGH OPEN SEAL %

HOUSING j _

POTENTIOMETERS TRAP SOLUTION THROUGH OPEN SEAL
HOUSING

DELAY LINES (PHYSICAL) TRAP SOLUTION IN HOUSING SEAL

KLYSTRON CAVITY TRAP SOLUTION IN SOCKETS REMOVE TUBE AND
SEAL SOCKET,'.

FAN MOTORS TRAP SOLUTION IN HOUSING SEAL OR REMOVE

PAPER CAPACITORS DISINTEGRATE SEAL

PRINTED CIRCUIT BOARD TRAP SOLUTION (WHEN INSTALLED) REMOVE (CLEAN
SEPARATELY)

. ., -
VACUUM TUBES SHOCK DAMAGE REMOVE

SLIDING CAM SWITCHES SHOCK DAMAGE TO CAM REMOVE OR HAND S
CLEAN ONLY

CRYSTAL DETECTORS HEAT DAMAGE FROM OVEN DRY AT 130OF
(54 0 C) MAXIMUM

APC CONNECTORS (MICROWAVE) SHOCK DAMAGE TO CENTER SEAL AND HAND9
CONDUCTOR CLEAN ONLY

WIRE WRAP CONNECTORS SHOCK DAMAGE HAND CLEAN ONLY

GYROSCOPES TRAP SOLUTION IN HOUSING SEAL

ENCLOSURE (5).2
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AVIONIC PRESERVATION MATERIALS

DESCRIPTION CHARACTERISTICS APPLICATION RESTRICTIONS

CORROSION GENERAL PRESERVATIVE FOR APPLY BY NOT INTENDED FOR USE ON
PREVENTIVE INTERNAL AREAS OF AVIONIC SPRAYING EXTERIOR SURFACES OF AVIONIC
COMPOUND, EQUIPMENT; INTERNAL AREAS AN EVEN, EQUIPMENT.
WATER-DIS- OF ELECTRICAL CONNECTORS, THIN FILM
PLACING, PLUGS, RECEPTACLES; AND TO THE DEPOSITS A THIN, NON-CONDUC- -
ULTRA-THIN SOLDER JOINTS. CONTAINS SURFACE. TIVE FILM WHICH MUST BE
FILM, WATER-DISPLACING PROPER- REMOVED FOR PROPER FUNCTION
AVIONICS TIES. OF CONTACT POINTS AND OTHER
GRADE, MIL- ELECTROMECHANICAL DEVICES "..

C-81309, WHERE NO SLIPPING OR WIPING . '.
TYPE III ACTION IS INVOLVED.

DO NOT USE AROUND OXYGEN, K, 1
OXYGEN FITTINGS, OR OXYGEN

REGULATORS, SINCE FIRE OR 4
EXPLOS ION MAY RESULT.

CAN BE REMOVED WITH DRY
CLEANING SOLVENT, P-D-680,
TYPE II.

CORROSION GENERAL PRESERVATIVE FOR APPLY BY NOT INTENDED FOR USE ON .-. 4

PREVENTIVE INTERNAL AREAS OF CHASSIS, SPRAYING EXTERIOR SURFACES OF AVIONIC
COMPOUND, EQUIPMENT COVERS, HARD- AN EVEN, EQUIPMENT.
WATER-DIS- WARE, MOUNTING BRACKETS, THIN FILM

PLACING, LATCHES, HINGES, TERMINAL TO THE DO NOT USE IN INTERIOR SUR-
ULTRA-THIN BOARDS, BUS BARS, GROUND SURFACE. FACES OF COAXIAL CONNECTORS. *

FILM, STRAPS AND INTERNAL/EXTER- "

AVIONICS NAL AREAS OF JUNCTION BOXES. DEPOSITS A THIN, NON-CONDUC-
GRADE, MIL- TIVE FILM WHICH MUST BE
C-81309, REMOVED FOR PROPER FUNCTION
TYPE II OF CONTACT POINTS AND OTHER

ELECTROMECHANICAL DEVICES
WHERE NO SLIPPING OR WIPING
ACTION IS INVOLVED. -.-

DO NOT USE AROUND OXYGEN,
OXYGEN FITTINGS, OR OXYGEN

REGULATORS, SINCE FIRE OR
EXPLOSION MAY RESULT.

CAN BE REMOVED WITH DRY

CLEANING SOLVENT, P-D-680, -

TYPE II.

ENCLOSURE (6) -" "
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CORROSION GENERAL PRESERVATIVE FOR APPLY BY NOT INTENDED FOR USE ON

PREVENTIVE EXTERNAL SURFACES EXPOSED SPRAYING INTERIOR SURFACES OF AVIONIC
COMPOUND, TO ELEMENTS AND MOISTURE, AN EVEN, EQUIPMENT.

WATER-DIS- INCLUDING: CHASSIS, EQUIP- THIN FILM ...
PLACING, MENT COVERS, HARDWARE, OR BRUSHING DO NOT USE ON INTERIOR SUR-

CLEAR, MIL- MOUNTING RACKS, EQUIPMENT ONTO THE FACES OF ELECTRICAL CONNECT-
C-85054 RACKS, SHELVING, BRACKETS, SURFACE. ORS, COAXIAL CONNECTORS, . N.,. .

RADAR PLUMBING, ANTENNA PLUGS, OR RECEPTACLES.
HARDWARE, LATCHES, TERMI-
NAL BOARDS, BUS BARS, DO NOT USE AROUND OXYGEN,

GROUND STRAPS, JUNCTION OXYGEN FITTINGS, OR OXYGEN
BOXES, FASTENERS AND REGULATORS, SINCE FIRE OR
EXTERIOR SURFACES OF ELEC- EXPLOSION MAY RESULT.
TRICAL CONNECTORS, COAXIAL
CONNECTORS, PLUGS AND RECEP- CAN BE REMOVED WITH DRY

TACLES. CLEANING SOLVENT, P-D-680,
TYPE II OR ISOPROPYL
ALCOHOL, TT-I-735.

CORROSION GENERAL PRESERVATIVE FOR APPLY BY NOT INTENDED FOR USE ON '

PREVENTION EXTERNAL SURFACES EXPOSED BRUSH OR INTERIOR SURFACES OF
COMPOUND, TO ELEMENTS AND MOISTURE, SPRAYING AVIONIC EQUIPMENT.
SOLVENT INCLUDING: MOUNTING RACKS, AN EVEN,
CUTBACK, SHELVING, BRACKETS, RADAR THIN FILM DO NOT USE ON INTERIOR SUR-
COLD APPLI- PLUMBING, SHOCK MOUNTS, TO THE FACES OF ELECTRICAL CONNECT- ,

CATION, RIGID MOUNTS, ANTENNA HARD- SURFACE. ORS, COAXIAL CONNECTORS,
MIL-C- WARE, GENERAL HARDWARE, MATERIAL PLUGS, OR RECEPTACLES.
16173 HINGES, FASTENERS, GROUND PRESENTS A
GRADE 4 STRAPS; AND EXTERIOR SUR- SEMITRANS- DO NOT USE AROUND OXYGEN,

FACES OF ELECTRICAL CON- PARENT OXYGEN FITTINGS, OR OXYGEN
NECTORS, COAXIAL CONNECT- FILM. REGULATORS, SINCE FIRE OR
ORS, PLUGS AND RECEPTACLES. OR EXPLOSION MAY RESULT.

CAN BE REMOVED WITH DRY %,. ?

CLEANING SOLVENT, P-D-680,
TYPE 1I. S

MUST BE APPLJED OVER WATER-
DISPLACING CORROSION PREVEN-
TIVE COMPOUND, MIL-C-81309, -
TYPE II, TO ACCOMPLISH A
COMPLETE "WATER-DISPLACING

AND PRESERVATIVE SYSTEM"
ON ALL AREAS EXPOSED TO
ELEMENTS AND MO] STURE. "

ENCLOSURE (6).2
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I.0 Introduction

1. 1 Background

Under present service conditions, Air Force aircraft and %

weapon systems are experiencing corrosion between metal surfaces .
such as joints. This problem is two-fold. First, corrosion
between metal surfaces in existing aircraft and weapon systems
create structural weaknesses which undermine the effectiveness
of structure. Secondly, the corrosive process produces non-
conductive products which destroy the nuclear-hardening capabil-
ity of the structure.

At present, the Type 3, MIL-C-5541, chemical conversion 0
coating procedure used on aluminum surfaces is the only protec-
tive finish that meets the existing electromagnetic pulse (EMP)/
electromagnetic interference (EMI) requirements. However, this
method allows moisture to be trapped between two metal surfaces
which causes corrosion of the surfaces. The products of cor-
rosion are non-conductive materials which increase the electrical •
resistance of the bond or joint between surfaces, resulting in
impedance high enough to destroy the nuclear hardness of many
aircraft and weapon systems.

From the above description of the problem, it is apparent
that corrosion protection materials and/or processes are required
which are compatible with the existing and/or modified nuclear- .*

hardened weapon systems.

A primary requirement for effective bonding is that a low -' -
resistance path be established between the two joined objects. .-..-

The resistance of this path must remain low with use and with S
time. The limiting value of resistance at a particular junction
is a function of the current expected to pass through the path.
For example, where the bond serves only to prevent static charge
buildup, relative high bond resistances, i.e., above a few
hundred ohms, may be acceptable. On the other hand, bonds for
shock hazard protections are commonly limited to 0.1 ohms
resistance. Where RF interference may result from a poor bond .
between equipment and its mounting surface, the bond resistance
is limited by MIL-STD-5087B to 2.5 milliohms.

The imposition of low values of bond resistance helps ensure
that impurities are removed from the mating surfaces and that
sufficient surface contact area is provided to establish a
reliable path for currents to flow while limiting voltage
differentials across the bond junction. It is these voltage "

." .o'%'1
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differentials that lead to unwanted energy coupling into protec-
ted volumes. It Ls widely recognized that a low dc resistance is
not a reliable indicator of the performance of the bond at high
frequencies such as those in the upper portions of the EMP
spectrum, above the hf communications band, and in the radar -
bands. Inherent conductor inductance and stray capacitance,
along with the associated standing wave effects and path resonan- ..

ces, will determine the total impedance of the bond. An addi-
tional factor in bond performance is the bond aperture dimensions -
relative to the wavelength of incident energy. As an example, a
spot welded bond can easily meet the 2.5 milliohm requirement
and, yet, if the welds are widely spaced, appreciable electromag-
netic energy can reach the interior of the bonded region and
produce upset or damage. It is for this reason that most EMP
control documents do not specify a resistance performance "
criterion for bonds -- they, instead, specify the method of
construction (typically continuously welded). •

1.2 Objectives

What is generally missing in the discussion of bond resis-
tance is a carefully established correlation between measured
bond resistance and the shielding effectiveness achieved by the
bond. Clearly such a correlation needs to be established.

A straight forward approach to validating joint shielding
versus bond resistance would be to measure the shielding effec- %

tiveness of several bonds having controlled (and carefully
measured) resistance values. To perform such an extensive bond
evaluation program with sufficient depth to establish adequate
evidence to counter over decades of tradition and experience in
the application of MIL-STD-5087B (and the various other standards
which have adopted the 2.5 milliohm bond resistance limit either
by default or for uniformity of requirements) would indeed
require a substantial investigative effort over an extended
period of time. In fact, it is not possible to define with
precision exactly the magnitude or duration of such an effort
because the results cannot be predicted in advance. For example,
the investigation could show that the shielding necessary to
provide EMP protection can only be realized with bonding resis-
tances LESS THAN 2.5 milliohm, or it may show that adequate
protection is produced by bonds of 10 milliohms, 20 milliohms or
even higher resistances. (It should be pointed out that there is
little prior data on which to base a conclusion in advance of '-- -

substantive measurements.)

With the evicent difticulty of achieving the 2.5 milliohm dc
resistance whileu naintainino a corrosion-free

le~~.°° .1.o°1A_. .
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bond for an extenued period, there clearly is a definite need to
seriously exanine the relative need of such a low resistance in 4
order to produce an EMP-hardened system. An iterative approach .

was, therefore, taken which was structured toward establishing a
carefully planned and documented technology base that demon-
strates the relationship between bond dc resistance, corrosion -
protection and the electromagnetic protection offered by theee'
bond.

The above efforts required identification and, ultimately,
optimization of corrosion prevention materials and/or processes. .%
These materials must necessarily be capable of protecting metal
surfaces from air/moisture corrosion over a specified period of 4
time. In addition, electrically conductive corrosion prevention
materials that are capable of maintaining nuclear-hardening
capabilities of weapon systems needed to be identified.

With these capabilities, existing weapon systems can be
protected from further corrosion, and existing nuclear-hardened
weaLn systems can be retrofitted with a corrosion prevention
material.

2.0 Assessment of the Validity of the MIL-B-5087B Class R
Bonding

The electrical bonding requirements for limiting RF poten-
tials (Class R bonding) as set forth in MIL-B-5087B, "Military
Specification -- Bonding, Electrical and Lightning Protection for
Aerospace Systems," require that the vehicle skin be designed to -
produce a uniform low-impedance surface through inherent RF
bonding and that the contractor demonstrate by test that the
bonding method results in a dc resistance of less than 2.5
milliohms. In addition, current Air Force design practice (per
AFSC Design Handbook DH 1-4, Design Note 5D1) requires the
contractor to meet the conductivity requirements independent of
the use of conductive fasteners, thereby necessitating intimate
metal-to-metal contact. Consequently, the finishes which are
commonly used to meet existing electromagnetic pulse (EMP)/
electromagnetic interference (EMI) requirements for aluminum
surfaces are tin plating or MIL-C-5541, Type 3 chemical conver-
sion coatings. However, these methods allow moisture to be
trapped between metal surfaces which can lead to severe corrosion •
problems in the field. Corrosion between metal surfaces has -
reportedly been so severe as to create structural weaknesses
which undermine the effectiveness of the structure (i) Further, ""
the products of corrosion are nonconductive materials which
increase the electrical resistance/impedance of the bond and,
thus, can destroy the nuclear hardness of aircraft and weapon
systems. -

-. N
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One of the oldest cited references to the 2.5 milliohm-
resistance limit is Volume I of a report prepared in 1964 by the
Filtron Company, Inc., for the U. S. Army Electronics Laborator-
ies. This report, which is entitled, "Interference Reduction J.
Guide for Design Engineers," states on paqes 2-20 that, "The dc
resistance of an adequate bond should be between 0.00025 and -s
0.0025 ohm." No further rationale is provided for the recon-
mended range of dc resistances. However, the authors do concede
that "The effectiveness of a bond at radio frequencies 

is neither %%.

fully dependent upon nor measurable only in terms of its dc
electrical resistance; especially at high frequencies..." and
that dc measurements are employed since "... it is more convenient
to measure the dc resistance rather than the ac impedance of a
bond...".

The overall role and function of bonding is discussed in
Design Note 5D1 of AFSC DH 1-4:

"Electrical bonding is the process of mechanically
connecting certain metal parts so that they will make a
good low-resistance electrical contact. Bonding is
required to ensure that a system is electrically stable
and relatively free from the hazards of lightning,
static discharge, and electrical shock and to assist in
the suppression of RF interference. Usually, the
resistance of electrical bonds should be in the order
of 0.0025 ohm."

The implication that a 2.5 milliohm dc resistance is necessary
for adequate bonding is cited over and over again in the litera-
ture. However, no technical basis is given for this particular
resistance value.

The 2.5 milliohm bonding requirement specified in MIL-B-
5087B pertains to Class R bonds whose function is to limit RF
potentials. Different dc resistance values are specified for 2'.
other bond classifications depending on their primary function.
These requirements are summarized in MIL-HDBK-253, "Guidance for
the Design and Test of Systems Protected Against the Effects of
Electromagnetic Energy," on page 15, which states:

"Measurement of the dc resistance of a bond is often
used as a guide to the anticipated performance of the S
bond. Depending on the purpose of the bond, some
military documents specify the maximum dc resistance
allowable for a good bond. For example, bonds that are
installed to prevent shock hazards are required by both
MIL-B-5087 and MIL-STD-1310 to have a resistance of
less than 0.1 ohm. Bonds for RF purposes are required
by MIL-B-5087 to have a resistance of less than 2.5
milliohm. Additionally, in areas prone to explosion or

% % %%
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fire hazards, maximum values of bond resistances are
designated; these values are a function of anticipated
maximum fault current in the event a power line to ground .
short occurs. A guideline as far as a good RF bond is -
concerned is a dc resistance value of between 0.25 and 2.5
milliohm."

Again, the same range of dc resistance values (0.25 to 2.5
milliohm), as in the Filtron report, are recommended for adequate
bonding.

Several other documents, in addition to MIL-HDBK-253, AFSC
DH 1-4 and the Filtron report, also specify the 2.5 milliohm
bonding resistance or reference MIL-B-5087B. These documents
include North Atlantic Treaty Organization (NATO) Standardization
Agreement No. 3659, MIL-STD-462, MIL-STD-1310, MIL-STD-1512, MIL- •
STD-1541, MIL-STD-4544 and MIL-E-6051D.

In summary, a large number of documents have been reviewed - ..

which appear to substantiate the information obtained from the
personal communications. Based on these sources of information,
it is concluded that the 2.5 milliohm bonding requirement arose,
not from a theoretically or empirically derived basis, but from a
practical standpoint and as a means for ensuring proper bond
preparation and assembly.

.'. ~

2.2 Investigation of the Relationship Between DC Resistance and
Shielding Effectiveness

An essential ingredient of EMP hardening, particularly for
airborne systems, is electromagnetic shielding. In practice,
shields are rarely formed of single, continuous sheets of metal.
Sheets must be joined together to form the shield, and the joints
must be properly bonded to provide desirable shielding perfor- ..

mance over a broad frequency range. Electromagnetic shielding \."*

effectiveness was, therefore, selected as the measure of bond
effectiveness with regard to EMI/EMP hardness. A stainless steel
test joint was fabricated, and the electromagnetic shielding
effectiveness of the test joint was measured as a function of dc
resistance. The stainless steel test joint, dc resistance -. .
measurements, shielding effectiveness measurements and the
measurement results are described below.

2.2.1 Stainless Steel Test Joint for DC Resistance Measurements

In order to determine the relationship, if any, between dc
resistance and shielding effectiveness, a specialized test joint .*.*..
was designed and fabricated. The test joint was constructed out .
of No. 316 stainless steel rather than aluminum because of the
superior ability of stainless steel to withstand atmospheric

'4 1 3
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0
corrosion. A sketch of the stainless steel test joint is shown 'p

in Figure 1. The back plate of the test joint was designed to %
conform with the flange area of the shielding effectiveness test 

%

box (described in Section 2.2.3). Dielectric washers were used %-%
to insulate the screw fasteners from the top metal plate and to
allow a fixe d separation to be maintained between the plates.
The use of dielectric washers allowed the resistance between the
plates to be controlled by the bulk conductivity of a conductive
sealant material which was applied in the 3/4 inch overlap area
between the plates. Cylindrical metal posts were welded onto
each plate to facilitate the dc resistance measurements.

A front view of the stainless steel test joint is shown in
Figure 2. The two overlapping plates connected with screw
fasteners are visible as are the two metal posts used for the
resistance measurements. Rear and side views of the stainless
steel test joint are shown in Figures 3 and 4, respectively.
During resistance and shielding effectiveness tests, the air gap
(visible in the side view of Figure 4) was filled with conductive PI.r
sealant of varying resistivity.

The conductive sealants listed in Table 1 were formulated to 41
yield a wide range of resistance values above and below 2.5
milliohms. These materials consist of silver powder dispersed in
urethane resins at different volume loadings to vary the resis-
tivity. Sealant 1 is a two-part urethane, whereas the other four
sealant types are moisture-cure urethanes. Each sealant was
applied to the stainless steel test joint, cured as required, and
subsequently measured for electrical resistance and shielding
effectiveness. (These sealant types are not intended for actual
use on aircraft as silver will corrode aluminum in the presence ,.. .O"'

of moisture.)

2.2.2 DC Resistance Measurements

The dc resistance of the various conductive sealant test
samples were measured with a double Kelvin bridge milliohmmeter. 6
The double Kelvin bridge is a four terminal instrument which is .- .
capable of accurately measuring very small resistance values (in
this case, as low as 0.1 milliohms). For resistance values
greater than 1 ohm, the terminals of the milliohmmeter were ..

clipped or contacted directly to the metal plates of the test
joint in order to remove the additional resistance associated S
with the bonded posts from the measurement. All resistance
measurements were made after the sealant material had cured so
that the resistance value did not vary appreciably with time.
The shielding effectiveness tests were run immediately after the
resistance measurements were completed.

%....
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Note that in some instances it may be desirable tc know the

resistance per unit area of the test samples. For the test
joints used on this program, the overlap area between the plates
in which the sealant materials were loaded was approximately 18.0
square inches. Therefore, the resistance per unit area for any
of the test samples measured on this program may be calculated
simply by dividing the resistance value in milliohms by 18.0 to
get the value in units of milliohms/in2 .

2.2.3 Shielding Effectiveness Measureme.nt

The shielding effectiveness of the test joint samples was
evaluated as a measure of the EMI/EMP hardness of the bonded
joint. The shielding effectiveness of each test sample was
determined as the difference (in dB) between the electromagnetic
field coupled through an aperture with and without the sample
present over the aperture. (This measurement technique conforms
to the basic procedure set forth in MIL-STD-285 (2).) A block
diagram of the test setup used to make the shielding effective-
ness measurements is illustrated in Figure 5. This test setup
enabled accurate and repeatable swept frequency measurements to
be made on the test joint samples over the 500-1000 MHz frequency
range.

A transmitting antenna (capacitively-loaded dipole) was
placed in the center of a shielding effectiveness test enclosure,
and a receiving antenna (log conical spiral) was positioned
outside of the test enclosure at a distance (5-1/2 feet) which
meets the far-field criterion over the entire test frequency
range. The log conical spiral receiving antenna was directed
towards a 6 inch square aperture located in one wall of the
enclosure. The purpose of the test chamber was to isolate the
transmitting and receiving antennas so that the only coupling
between them was through the aperture. To minimize unwanted
coupling, all permanent seams of the test enclosure were welded,
and finger stock wa- installed around the lid of the enclosure
and around the periphery of the test panel port (aperture). The
inside of the test enclosure was lined with ferrite absorbing
tiles which served to dampen enclosure resonances and to simulate
free space conditions for the transmitting antenna.

The test joint was fastened to the test enclosure and .electromagnetically sealed by three rows of finger stock located....]

on the enclosure flange area. Conductive copper tape was also
applied around the periphery of the test sample as an additional
precautionary measure to prevent the electromagnetic field from
leaking round, rather than through, the test sample. A 6-dB
attenuator was used at the transmitting antenna input port to
ensure a stable 50-ohm impedance at the power amplifier output.
A tracking generator was used in conjunction with a spectrum
analyzer to provide the swept frequency output source and
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receiver. (The tracking generator derives its output signal
from the first and third local oscillator outputs of the spectrum
analyzer.) A 10-dB pad was used to attenuate the nominal 0 dBm.
output signal level of the tracking generator to approximately
-10 dBm at the power amplifier input. The power amplifier
provides approximately 46 dB of RF gain which corresponds tc 4
watts output power with -10 dBm input power. A low noise, high 'V..'
gain amplifier (noise figure = 2 dB; gain = 35 dB) was used to
improve the sensitivity of the spectrum analyzer and thereby
increase the overall dynamic range. .. ,

To isolate the test setup from the external electromagnetic
environment and to minimize errors due to ground and/or wall
reflections, the test enclosure and receiving antenna were
located in a shielded anechoic chamber. The isolation charac-
teristics of this chamber were 100 dB or greater over the
frequency range of 10 MHz to 1000 MHz and absorption was effec-
tive for RF frequencies greater than 300 MHz. The test enclosure
was connected to the outside of the anechoic chamber via a 1/2
inch copper pipe/flange assembly, and a coaxial cable routed
through the copper pipe connected the power amplifier outside the
enclosure to the attenuator and transmitting antenna located

, inside the test enclosure. This cable routing configuration was
used to prevent RF energy leaking from the coaxial cable from
coupling to the receiving antenna and swamping the signal which
was coupled through the test sample. In this way, a dynamic

*" range of approximately 100 dB was achieved. (The dynamic range
of the test setup was the ratio of the signal level coupled to
the receiving antenna with the aperture open to the signal level
received with a thick metal plate fastened over the aperture.)

2.2.4 Measurement Results on the Relationship Between DC
Resistance and Shielding Effectiveness

A composite plot of the shielding effectiveness versus
frequency for a variety of sample resistance values is shown in
Figure 6. The shielding effectiveness measurement results for S
the complete set of sealant samples would be too cluttered to fit
on a single composite plot. Note from Figure 6 that, in general,
(1) shielding effectiveness increases as dc resistance decreases,
and (2) shielding effectiveness is not a strong function of
frequency over the 500-1000 MHz test frequency range (except for
the very low resistance samples which has high shielding effec- •
tiveness values near the dynamic range of the test system). For
these very low resistance samples, a stronger frequency depen-
dence was noted due to frequency dependent leakage paths which
are significant at the higher shielding effectiveness values but
insignificant at the lower shielding values.

lS

In order to summarize the findings on a simple 2-dimensional
plot, the shielding effectiveness versus freauency curves were

. reduced to an average shieldina effectiveness value in dB (i.e.,

%S
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the frequency average of the logarithmic shielding values) and
then all of the average values were plotted on a graph of
shielding effectiveness versus dc resistance.

The resulting plot of the (average) shielding effectiveness
versus dc resistance is illustrated in Figure 7. First, note
that there appears to be a limiting shielding effectiveness value" '

for the high resistance samples which corresponds to a minimumshielding effectiveness of approximately 5 dB. This "minimum" 00fi

shielding effectiveness value is a function of the test frequency
range, the electromagnetic wave impedance and, as will be later
demonstrated, the particular test joint geometry used. Second,
note that there also appears to be a limiting shielding effec-
tiveness value for the low resistance samples which corresponds
to a maximum shielding effectiveness of approximately 105 dB.
Closer scrutiny of the data indicates that this "maximum"
shielding effectiveness value in some instances occurs due to a
limitation in the test sample (i.e., RF leakage) but in other
instances results from the limited dynamic range of the test
system. And, finally, note the sharp decrease in shielding %
effectiveness from approximately 105 dB to approximately 55 dB as
the dc resistance of the test sample increases from approximate-
ly 2.5 milliohms to approximately 100 milliohms. Although the
test results presented here represent only one test joint
geometry and one electromagnetic test environment, the data of
Figure 7 strongly suggest that relaxation of the 2.5 milliohm

requirement could result in a significant reduction of the
EMI/EMP hardness of aircraft and weapons systems.

It should be emphasized that the data presented here by no

means is intended to imply that a low dc resistance is the only
requirement for a quality bond from an EMI/EMP hardness perspec- .-

tive. To demonstrate this point, the test joint was modified by
removing the insulating washers to allow the screw fasteners to
establish dc electrical continuity between the metal plates. The
resulting dc resistance of the test sample without a conductivesealant in the flange area was extremely low (<0.i milliohms) : .

whereas, as can be seen from Figure 8, the shielding effective-
ness was generally very poor and frequency sensitive. This
example clearly shows that a low dc resistance value is not
sufficient for good shielding effectiveness and that electrical
continuity must be obtained across the entire joint area (result-
ing in low RF bonding impedance) for effective shielding over a
broad frequency range. This requirement is not necessarily met
by a low dc resistance value nor can it be verified solely by a
dc resistance measurement.

2.2.5 Effect of Plate Separation on Shielding Effectiveness 9

A brief experiment was conducted to demonstrate the in-

test results. The experiment consisted of measuring the shield-

• %

flu.nce of th test joint geometry on the shie...n "-effectiveness
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ing effectiveness of the test joint without conductive sealants N,-."-
while varying the separation distance between the metal plates.
Fixed separation distances were obtained by placing one or more A

e mylar sheets (minimum thickness = 0.1 mm) in the flange area 16d
between the plates. The tests were run with 0.1, 0.3, 0.95 and O.

2.5 mm plate separation distances, respectively.

Figure 9 shows a composite plot of the average (over
frequency) shielding effectiveness values for the various plate V.
separationdistances. Note that the shielding effectiveness is
inversely proportional to the plate separation distance. Ap-
proximately 15 dB decrease in shielding effectiveness was
measured per decade increase in plate separation distance over
the range of plate separation distances evaluated. (Intuitively,
a 20 dB per decade roll off could be expected from the capaci- 'J.tance between the plates neglecting fringing terms. Fringing

terms could reduce the slope of the roll off somewhat since these 1.
terms become more significant at greater separation distances.) 

-z"

Also note that the data from Figure 7 was generated with a S
dielectric spacer around each screw fastener which maintained a
fixed 30 mil spacing between the plates. The limiting value for
the high resistance test samples was approximately 35 dB, which
falls very near the curve shown in Figure 9 for a 0.76 mm (30
mil) plate separation distance.

S

2.3 Summary and Conclusions on Validity of 2.5 Milliohm Bonding
Requirement

In summary, the basis and rationale behind the 2.5 milliohm
bonding requirement in MIL-B-5087 has been determined from an
extensive literature review and from information obtained through
personal communications with individuals involved with the devel-
opment of the original MIL-B-5087 specification. The 2.5 *

milliohm bonding requirement arose not from a theoretically or
empirically derived basis but from a practical standpoint and asa means for enforcing proper bond preparation and assembly. The : .
relationship between dc resistance and shielding effectiveness

has been investigated with the use of a specialized test joint
filled with conductive sealants of varying resistivities to
obtain the desired range of dn resistance values. The effect of
the test joint geometry, in particular the effect of the plate
separation distance, on shielding effectiveness was also evalua-
ted. Although the data collected is by no means all encompass-
ing, it strongly suggests that relaxing the 2.5 milliohn require-
ment could seriously degrade the EMI/EMP hardness of military
aircraft and weapon systems.
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3.0 Identification and Evaluation of Optimum Sealant Materials

The objective of this task was to identify and evaluate
optimum corrosion prevention materials for use on nuclear
hardened aircraft and weapon systems. New test joints were
designed and fabricated out of 7075 aluminum and fastened using
realistic torque values. The aluminum test joints were loaded
with the top candidate sealant materials and weathered in a salt
fog environment according to ASTM B117 (3) The dc resistance
and shielding effectiveness of the test joints were measured
before weathering tests began and periodically during the
weathering tests to monitor the corrosion effects on the electri-
cal and electromagnetic performance of the bonds. In addition,
control joints (no sealant) were weathered and tested simul-
taneously to compare the relative merit of the selected sealant
materials.

3.1 Identification of Materials

A variety of conductive sealant materials was considered for
use as optimum compromises between EMI/EMP hardness and corrosion
prevention. The use of metal coated glass spheres was considered _
early in the program. However, it was later learned that these
materials are not suitable for aircraft structural type sealants
for the following reasons:

1. The number of contact points between spheres is small ..
compared to that for irregular shaped particles. The S
greater the number of contact points, the less damage
likely to be experienced from vibration.

2. During normal stresses from aircraft, vibration can cause
shearing through the thin metal coating on the spheres
which will destroy the current path. S

3. Temporary current overload or pulsing, such as could be
induced by lightning or nuclear EMP, can damage the
coating (as shown in Figure 10).

Pure silver powders and flakes are highly desirable conductive
particles from an electrical performance point of view for use in -.

EMI gaskets, compounds, coatings and adhesives. However, the
metal's relatively high density, constantly fluctuating cost and
potential for galvanic corrosion with many substrate materials
often prohibit its use. To overcome these problems, the EMI
industry has developed hybrid particles that offer the beneficial
conductivity characteristics of silver, yet minimize or negate - ,.

the drawbacks concerning density, cost and galvanic corrosion. yy-
For aluminum substrates, a particularly promising material which .- --
was identified was silver coated aluminum. This hybrid material,
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produced by coating a thin layer of silver on the surface of ..
aluminum particles, has a galvanic potential very near that of
aluminum (see Table 2) and, thus, was expected to have superior
corrosion characteristics when used on aluminum substrates.

The final list of conductive sealant materials which - -.
appeared to be most promising for meeting the program objectives
are shown in Table 3. These five conductive sealant materials
were therefore selected for evaluation under accelerated environ-
mental test conditions. A salt fog exposure environment per ASTM
B117 was selected to simulate accelerated weathering conditions.
The dc resistance and shielding effectiveness of the test joints
and the control joints were measured before weathering tests
began and periodically during the weathering tests to determine
the relative degradation in electrical performance as a function
of exposure time in the salt fog environment.

3.2 Evaluation of Conductive Sealants in Salt Spray Chamber,
ASTM B117

DC resistance measurements were performed on all five
conductive sealant types shown in Table 4 at 24 hour time
intervals during the salt fog exposure testing. Shielding
effectiveness measurements were made on the stainless steel-
filled polysulfide sealant (Products Research Proseal RW2-28-71) "-.*
and the aluminum-filled polyurethane RTV sealant (Chomerics ..
#43429-252) at approximately one week time intervals during the
accelerated environmental exposure testing. A description of
the aluminum test joints and the results of the dc resistance and ,.'
shielding effectiveness measurements are presented below.

3.2.1 Aluminum Test Joints

Five aluminum test joints were fabricated for use in the
weathering study. The test joints were designed and constructed
to fit on the shielding effectiveness test enclosure while being
representative of actual joints located on the skin of military
aircraft and missile systems. The material chosen for the test .
joints was standard aircraft 7075, T6 aluminum certified per
Federal Specification QQ-A-250/12. The 7075 aluminum was chosen
because it is a common aircraft type of aluminum and is most
prone to corrosion compared to other types of aluminum. The •
design of the aluminum test joints was identical to that of the
stainless steel test joint with two exceptions:

1. rather than being threaded, the back plate had counter-
sunk holes to allow screw/nut fasteners (described in
MIL-STD-QQS267) to be used, and _
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2. no dielectric spacers were used between the plates. %

The cover and base plates of the joint assembly are shown in
Figure 11. The fastener assembly, composed of ;316 stainless
steel screw, silicone tubing "boot," nylon washer, stainless
steel washer and stainless steel nut, is shown in Figure 12.

The screw fasteners are electrically insulated from the test
joint to enable the metal-to-metal joint to establish the N

electrical conductivity and to prevent a galvanic cell from being
created between the stainless steel fasteners and the aluminum
plates. The conductive sealant was applied to the base plate of
the test joint as shown in Figure 13. The cover plate was then
fastened to the base plate with the screw fastener assembly and .-

torqued to 13 inch-lbs using a torque wrench, as illustrated in
Figure 14. The insulation of the screw fasteners was tested by
verifying with an ohmmeter than an "open" connection was measured S
between the screws and the cover plate and between the nuts and
the base plate, as illustrated in Figure 15.

3.2.2 Measurement Results of DC Resistance Versus Exposure in
Salt Spray Chamber

The salt spray exposure tests for each conductive sealant
material were performed with the set of five aluminum test
joints. Four of the five test joints were loaded with conductive %
sealant, and the other test joint (called the control joint) used
no sealant. Curing of the sealant was monitored by measuring the 0
resistance across the test joint with a double Kelvin bridge
milliohmmeter, as shown in Figure 16. The resistance would
decrease with time -- typically stabilizing after 24 hours, at
which time the material was cured. The lack of melting transi-
tions from differential scanning calorimetry was also used to
indicate total cross linking or curing. •

The five (four sealant and one control) test joints were
placed in an Atlas Salt Spray (Fog) Chamber, as shown in Figure
17, and exposed to the environment specified in ASTM B117. The
salt spray unit was operated continuously, and the resistance of.
the joints was measured at 24 intervals. The overall dc resis-
tance versus weathering results are tabulated in Table 4. Shown 6
in this table are the dc resistance values (mean and standard
deviation) for the control samples and the sealant sample at t =
0 and t = 1000 hours. In general, it can be seen that:

1. the conductive sealant samples outperformed the control
(no sealant) sample; .

-

2. the Ag/Al and stainless steel-filled sealants out-
performed the aluminum-filled sealants, and
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3. the Ag/Al-filled polysilicone RTV sealant had superior dc
resistance versus weathering characteristics to the other
materials tested. .%

For example, the dc resistance versus salt fog exposure time for
the Chomerics '1038 polysilicone RTV filled with silver-coated
aluminum powder is shown in Figure 18. The resistance of the
sealed joints stayed extremely low (on the order of 0.1 mil-
liohms), whereas the resistance of the control joint increased
measurably after 96 hours, as shown in Figure 19.

3.2.3 Measurement Results of Shielding Effectiveness Versus
Exposure in Salt Spray Chamber

Shielding effectiveness measurements were made at periodic
time intervals on two of the five conductive sealant materials
shown in Table 4: (1) the Al/Ni-filled poiysulfide sealant
(Products Research Proseal RW2-28-71) and (2) the aluminum-filled
polyurethane sealant (Chomerics #4329-25-2). Shielding effec- S
tiveness was measured over the 500-1000 MHz frequency range using
the test procedure outlined in Section 2.2.3.

The individual shielding effectiveness results were averaged
over frequency and plotted as a function of salt fog chamber ...

exposure time. The overall results for the Al/Ni-filled polysul- 0
fide RTV sealant and the aluminum-filled polyurethane RTV sealant
are shown in Figures 20 and 21, respectively, which show the mean
(denoted with a dot or star) and standard deviation (denoted with .
a vertical line and horizontal end caps) of the shielding
effectiveness data. It can be seen from Figure 20 that the
shielding effectiveness of the Al/Ni-filled polysulfide material 0
slowly degraded from approximately 95 dB at t = 0 to approximate-
ly 87 dB after nearly 1000 hours' exposure time. The shielding
performance of the stainless steel-filled polysulfide RTV test
samples were far superior to the control samples, which also
began (at t = 0) at approximately 95 dB but degraded more rapidly , 4.,

to approximately 68 dB after 1000 hours of exposure.

It can be seen from Figure 21 that the shielding effective- ".
ness of the aluminum-filled polyurethane RTV sealant degraded -"

from approximately 97 dB at t = 0 to approximately 87 db after
only 360 hours of salt fog exposure time. (In this case, the
weathering tests were terminated after 360 hours due to the
presence of severe corrosion and high dc resistance readings for
the test samples.) It is interesting to note that, despite the
presence of severe corrosion products and high dc resistance
values, the shielding effectiveness of the sealant samples
degraded only 10 dB. Also note that the control samples had a
mean value of shielding effectiveness equal to approximately 60
dB after 1000 hours, despite the very high resistance values and .-,
severe corrosion that took place in these -oints. The prinary
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reason for these surprisingly high shielding effectiveness
values is believed to be the small separation distance between
the plates. For example, extrapolating the curve in Figure 9 to
smaller plate separation distances, the shielding effectiveness
of 68 dB, which was obtained for the control samples after 1000
hours, could be obtained with zero dc conductivity (i.e., an opencircuit between the plates) provided that the plate separation P, %'

distance were on the order of 5 microns. It should be noted,
however, that poorer shielding performance could be expected at
microwave frequencies unless uniform electrical continuity is
maintained across the entire joint to achieve a low RF bond
impedance.

3.3 Summary of Optimum Conductive Sealant Materials

The objective of this task was to identify and evaluate 9
optimum corrosion prevention materials for use on nuclear
hardened aircraft and weapon systems. New test joints were
designed and fabricated out of 7075 aluminum and fastened using
realistic torque values. The aluminum test joints were loaded
with five different sealant materials and weathered in a salt " .'
spray environment according to ASTM B117. The dc resistance and
shielding effectiveness of selected test joints were measured
before weathering tests began and periodically during the
weathering tests to monitor the corrosion effects on the electri-
cal and electromagnetic performance of the bonds. In addition,
control joints (no sealant) were weathered and tested simul-
taneously to compare the relative merit of the selected sealant
material.

In general, it was found that:

1. the conductive sealant samples outperformed the control
(no sealant) samples,

2. The Ag/Al and Al/Ni-filled sealants outperformed the
aluminum-filled sealants, and

3. the Ag/Al-filled polysilicone RTV sealant had superior
weathering characteristics to the other materials tests.

Based on these data, it is recommended that aluminum fillers be
avoided and that either silver-coated aluminum or stainless steel
fillers be used with an appropriate matrix (e.g., polysilicone .
RTV or polysulfide) for applications with aluminum substrates.
The use of appropriate conductive sealant materials will improve
the long term effectiveness (both structural and electrical) of
metal-to-metal bonds typically 1.ound on exposed surfaces of

military aircraft and weapon systems.
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4.0 Proposed Changes to Standards, Specification and Handbooks

A major task on this program was to develop proposed changes
to military standards, specifications and handbooks to reflect
the findings of the experimental investigations. The implementa-
tion of changes to military standards, specifications and
handbooks is a lengthy and complex process requiring inputs and
approvals from numerous groups and agencies. For this reason,
the results of this task are proposed changes to the appropriate-%documents which can then be used as inputs to any modification ,

proceedings. Each recommended change is in a format suitable for
direct inclusion in the applicable document.

A large number of military standards, specifications and
handbooks were reviewed to determine appropriate documents for
consideration on this task. Table 5 is a list of documents which
were considered pertinent for modification on this task. The
eight documents identified with asterisks were selected as being
most relevant for developing proposed changes. These eight S
documents were later finalized through mutual agreement with
Warner Robins ALC/MMEMC. Once confirmation was received from WR-
ALC/MMEMC, proposed changes to the mutually agreed upon documents
were formulated. The findings and results of the other program
tasks were used in the formulation of proposed modifications.

Based on the results obtained from the experimental inves-
tigations, a relaxation of the 2.5 milliohm requirement is
neither justifiable nor does it appear necessary. The results of
the empirical study of the relationship between dc resistance and
shielding effectiveness (see Figure 6) indicate that relaxation
of the bonding resistance requirement to 10 milliohms could
result in a 20-30 dB reduction in shielding effectiveness
(relative to a 2.5 milliohm bond) and that relaxation of the
bonding resistance to 100 milliohms could result in a 40-55 dB
reduction in shielding effectiveness. Furthermore, based on the
empirical study of the effects of weatherlng on electrical
performance of the bond, conductive sealants tested from two
different vendors (Chomerics silver-coated aluminum-filled
polysilicone RTV and Products Research Corporation Al/Ni-filledpolysulfide) maintained a bonding resistance well under the 2.5

milliohm requirement with little or no corrosive performance
degradation after 1000 hours in the salt fog environment per ASTM -

B117. Consequently, relaxation of the 2.5 rillichm requirementwas not recommended as part of the proposed modificat-ions.

The reader is referred tc the Final Reports of Georgia Tech
Research Institute, N"o. A-43.,4, and Contract NOc. F2060-F5-66007,
WP-ALC, Robins Air Force Baie.
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TABLE 2. CORROSION POTENTIALS OF VARIOUS METAL.S AN:- EM

GASKET MATERIALS (IN 5% NaCIl AT 2100 AFTER 15 MINUTES

OF IMMERSION)

MATERIAL ECORR VS SCE1

(MILLIVOLTS)

PURE SILVER -2)5

SILVER-FILLED ELASTOMER -50
M 0NE L ME SH -125
SIL VER -PLATED -COPP ER FILLED ELASTOMER -190

COPPER -244

TIN-PLATED BERY LLIUMt-COPPER -440 -

TIN-PLATED COPPER-CLAD STEEL MESH -44C '

ALUMINUM 2- (1100) -730

SILVER-PLATE -ALUMINUM FILLED ELASTOMER -74C

1 GALVANIC POTENTIAL OF TEST CELL MEASURED) WFFH STANDARD

CALOMEL ELECTRODE AS A REFER- C
2 ALJMINUM ALLOYS APROXIMATELY -700 TO -840 m\' VS SCE IN 3%/

NaCI MANSFIELD F. AND KENKEL. JA\'.. LABORATORY STUDIES O :
GALVANIC CORROSION OF ALUM:NUMV ALLOYS. 'GALVAN!IC AN:-

PrrIlNG CORROSION - FIELD AND 'LAB STUDIES, ASTM STF 57C 1976,
PP, 20-47.4

% %



TABLE 3 CONDUCTIVE SEALANT MATERIALS SELECTED FOR TESTING

~'..e%*

CONDUCT UIVE SE SANLANT MANUFACTURER

1. POLYSILICONE RTV CHOM-RICS, INC.
#1038 Ag/A IF FILLER

2. POLYSILICONE RTV CHOMERICS. INC"-

#1038. A I "" FiLLER s

3 POLYURETHANE RTV CHOMER ICS, IN .

#4329-25-. Ag/A 1 FILLER

4 POLYURETHANE RTV CHOMERICS. INC,

#4329-25-2 A I FILLER

5. PROSEAL #872 PRODUCTS RESEARCH C OR P.

POLYSULFIDE. A I FILLER *'"' '"

6. PROSEAL RW2-28-71 PRODUCTS RESEARCH COR P. . .-.
Al /Ni

SILVER COATED ALMINUM POWDER •

ALUMINUM POWDER

N.

9u

" S%

.,N. %

.e'o .'. .' , .° .-..-. *.°-- -..- .-.-. *.*-*.-.°,. . ..-... '*..°.-. . .° . - - °.* . .. * --%%, ,
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TABLE 4 -MEAN (~AN[' S£TANLAPF Pr: ?.r: G OF r"
RESISTANCE VERSUS SALT SPRA>: NAErXI JSURE TIME

D' tVESISTANCE OHMFE

SEALANT MATERIAL M A N FA77'l F ET HOURS looN HF.E

N ONE 0- X 2-4

FC L :0C C 7-4

;1 3E, A ,A' -4
FS 5- 5

PCYcUR7HN - &3- -4~~ 5

PCLYUF'7TH-.

P>~RANE O=

#EE, r -- . - . . . . :
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POLISH-ED TO REMOVE OXIDES AN) SURFACE DEFECTS, ANDI
CLEAN'ED WITH METHANOL TH-E ALUMINUIM FLAT SHEET
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TABLE 5- DOCUMENTS UNDER CONSIDERATION FOR TASK 3 -

DOCUMENT, .

IDENTIFIER DOCUMENT TITL7

MIL-B-5067B- BONDING, ELECTRICAL, ANI' LIGJTNIN: PROTECTION FOP %-%
AEROSPACE SYSTEMS r -

MIL-STD-186-124A- GROUNDING, BONDING AND SHIELDINC

MIL-STD-1310D SHIPBOARD BONDING, GROUNDINC, AN' OTHER TECHNIQUES
FOR ELECTROMAGNETIC CAPABILITY AND SAFETY SHIELDING '

MIL-STD-1542- ELECTROMAGNETIC COMPATIBILITY (EMC) AND GROUNDING
REQUIREMENTS FOR SPACE SYSTEM FACILITIES

MIL-STD-1857 GROUNDING, BONDING, AND SHIELDING DESIGN PRACTICES

MIL-STD-454$. STANDARD GENERAL REQUIREMENTS FOR ELECTRONIC

EQUIPMENT

MIL-STD-462 ELECTROMAGNETIC INTERFERENCE CHARACTERISTICCS, ,
°K MEASUREMENT OF

MIL-HDBX-253 GUIDANCE FOR THE DESIGN AND TEST OF SYSTEMS PROTECTE: S
AGAINST THE EFFECTS OF ELECTROMAGETIC ENERGY

MIL-E-6051D ELECTROMAGNETIC COMPATIBILITY REQUIREMENTS, SYSTEMS

NATO STANAG BONDING AND IN-FLIGHT LIGHTNING PROTECTION FOR
AIRCRAFT ,%.'

MIL-STD-1541* ELECTROMAGNETIC COMPATIBILITY REQUIREMENTS FOR SPACE
SYSTEMS

AFSC DH 1-4- ELECTROMAGNETIC COMPATIBILITY

MIL-HDBE-335 MANAGEMENT AND DESIGN GUIDANCE, ELECTROMAGNETIC

RADIATION HARDNESS FOR AIR LAUNCHED ORDINANCE .
SYSTEMS ..r

DARCOM-P 706-410 ENGINEERING DESIGN HANDBOOK, ELECTROMAGNETIC

COMPATIBILITY

NAVAIR AD 1115 ELECTROMAGNETIC COMPATIBILITY DESIGN GUIDE FOR
AVIONICS AND RELATED GROUND SUPPORT EQUIPMENT

DCA NOTICE 310-70-1 DCS INTERIM GUIDANCE ON GROUNDING BONDING, AND
SHIELDING

MIL-HDBE-41
0  

GROUNDING, BONDING, AND SHIELDING FOR ELECTRONIC
EQUIPMENTS AND FACILITIES i- .

00W IF7S FOP 041CM W)DITICATIcM WI( M M

.44

% %,-
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Georgia Institute of Technology
Georgia Tech Research Institute %

BIOGRAPHICAL SKETCH

-e
GOOCH, JAN W.--Senior Research Scientist

Energy and Materials Sciences Laboratory %
U%

IEducation M
Ph.O., Polymer Science, University
of Southern Mississippi 198O

B.S., Chemical Engineering, Arkansas Polytechnic College 1971

Employment History

Georgia institute of Technology
Senior Research Scientist 1083-Present

Cook Paint & Varnish Co., Group Leader 1908?
Bechtel Group, Inc., Senior Engineer 1979-1902
Wraoe Enterprises, Inc., Technical Director 1971-1976

Experience Summary: At Georgia Tech, conducts applied research in coatings
and polymer science in the M1aterials Science Division of the Energy
and Materials Sciences Lahoratory. With Cook Paint , Varnish, performed I'
and supervised research and development of resins for industrial coatings . -
and fiber-glass comoosites. At Bechtel, provi ed technical services
in areas of industrial coatings and polymeric materials. Graduate research
at the University of Southern Mississippi involved polymer synthesis, -%
characterization, kinetics studies, viscometry and coatings formulation.
As Technical Director with Wrape Enterprisns, Performed research and S
development in industrial air pollution control systems.

Current Fields of Interest

Polymer-solvent intermolecular reactions; des- n and testing of composite .'..,

materials; water-borne and high solids coatings for corrosion protection
of metal suhstrates in chemically aggressive atmospheres; dispersion 5
technology for generating polymer/solid and ol ,7,er/pol ymer systems,
filled polymers and interpenetrating polymeric networL:s materials.

Professional Affiliations

Amerilran Chemical Soci-ty
Nlationil Association of Corrosion Engineers
Society of Plastics E ,ii nnpers

Sinma '/i Scientific Des. arch Sociotv .- :.,

Southern Socipt,, o Toatirns ncrolco,
Who's Who in Frontiers of ri-,lce anA TCh :: Dc" ,-

O tonts
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E:mlci fir' Oil~ s in4! MI ",S rt t . ' q 2 wit "  "" S.''-..

0 41 in r4 1k I ,,,IS Ir W 4

" ' , " "2 " " ins 1 -" " "'" '- A

% %.



Patents (continued

2. "A Process of Nucleating and Collecting Dust Particles hy Injecting
Aerosolized Liquids in an Air Stream, U.S. Patent No. 1,993,160 Z,
(197F , with A. J. ,Wrape, Jr. '

3. "A Process for Extracting Organic Waste from Ind<ustrial Effluent,-
by Treatment with Dissolved Ammonia, U.S. Patent No. 3,003,200
(197?)

4. "A Process for Agglomerating and Coagulating W1aste Material," 1971); -..-01
initially filed 1068, Under same title: U.S. Patent No. 3,586,627 - .". .

and 3,733,260; Mexico 100,571; Canada 905,0'7; Great Britain
1,259,821; Australia A17,?06, with P. P. Palalino

Major Reports and Publications

I. "Investigation of Acrylonitrile-Butadiene-Styrene Resins for Manufacture
of Plastic Pipe," Final Report prepared for Slocomh Pipe Companyof Atlanta, Georgia, 2 October 1905

2. "Thermal Technicques for Service Evaluation of Polymer and Coating
Materials," presented at the 14th Annual Conference, North American
Thermal Analysis Society, San Francisco, CA, September 1985

3. "Characterization fo Magnetic Dispersions," Journal of Coating
Technolgoy (in press), 1085

4. "Dewaxing, Slurry Adhesion and Inclusion Identification in Investment
Molding," Final Report, TRW Corporation, Douglas, GA, July 1985

5. "Testing of Polymeric Films and Resins," Final Report, Gateway
Plastics Company, Doraville, GA, June 19R6

6. "Evaluation of Crumpled Thin Films for TREESS Application, and
Thin Films for Reflecting Thermal Infrared for TREESS", with
T. B. Wells, J. P. Montgomery, and T. L. Starr, Final Report, % %

U. S. Army Mohil ity Equipment Research and Development Command
Procurement and Production Directorate, Ft. Belvoir, Virginia,
April 1984

7. "Autooxidative Crosslinking of Vegetable Oils and Alkyd Emulsions",
with G. C. Wildman and P. G. Bufkin, Journal of Coatings Technology,
Vol. 56, No. 711, April 1112A

8. "Field Microscope and Coatings", J. ,. fooh, Coatings Magazine ,
March 1084 and Corrosion Control, March 1(.91

9. "Thermal Analysis of Coatings," Presented at the Practical Thermal 0
Analysis Symposium sponsored by the Society of Plastics Engineers,
March 19R4, Georgia Institute of Tech-olon'/

10. "Studies of Magnetic Particle Dispersion M-echanisms", with B. R.
Livesay, Final Report prepared for TDK Electronics Co., Ltd.
of Tokyo, Japan, December 19Qr

11. "Field Microscopy for Improved Inspection of Cleaned and Coated
Steel ," Presented at thp 2rd World Contr-ss - Coatings Systems
for Bridges and 6teol Structurs '))- ovn'2kCr ',r" St. Lou-s,

l. "A Microscopic r'amination of Abrasively C!ine4 Steol Surfaces,'
Materials Performancn, tin prfss

17. "Process'ng of i.mls"i,- ils an, Al'.s to Generate Pol, ersq"
Chapter in .SF OF MAUK TC 1 ALS F ..... T':CS C'OP PLASTICS,
L. Sperl i neq , n ( , l 1 ni m Press, NPw Y or , 'Lew Yor., 0 1, with %

5. G. Rufkin an' Q. '.illman . .

% " % .
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GOOCH, JAN W. 3 Biographical Sketch0

Major Reports and Publications

14. "Evaluation of an Acrylate Based Pipe Thread Spalant," Materials
Performance 20, (October 1931)

15. "Processing of Emulsified Oils and Alkyds to Generate Polymers,"
Organic Coatings and Plastics Chemistry Preprints, Volume 45,
Part 2, 1981, with B. G. Bufkin and G. C. I.Wildman

16. "Survey of Water Chemistry at Arkansas Navigational System Lock
and Dams," Arksansas Tech University Library, 1971
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Georqia Institute of Technology
Georgia Tech Research Institute

BIOGRAPHICAL SKETCH . ,

, '..

DAHER, JOHN K.--Research Engineer II
Electronics and Computer Systems Laboratory

Education A•'.%
M.S.E.E., Georgia Institute of Technology '982
B.E.E., University of Dayton 1979. -

B.A., Mathematics, Oberlin College 1977

Employnent History

Georgia Institute of Technology
Research Engineer II 1983-Present
Research Engineer I 197q-1983

Monarch Marking Systems, Lab Technician 1977-1978
Cox Heart Institute, Researcher's Assistant 1077 :.s .?

Experience Surmiary: At Georgia Tech, was recently involved in the design S

of a wideband receiver for a millimeter wave near field antenna range.
Project director on a program concerned with evaluating the shielding
effectiveness of conductive plastics and also on a program to measure . ..- .
the electromagnetic shielding of a computer building in order to make
recommendations on improving the shielding effectiveness to within spec-
ification. Assistant project director on a program to investigate the S

EMI/FMC characteristics of electric vehicles and also on a program to
develop a generalized model for nonlinear metal-insulator-metal (MIM.
junction sources of intermodulation products. Was recently involved .- "
with the desiqn, fabrication, and evaluation of two prototype antenna
configurations for a VHF communication system. Major contributor to
programs involved in conducted emission measurements on the TOMAHAWK
Vertical Launch System; the design of digital data communications equip-
ment; definition and analysis of the electromagnetic susceptibility
of integrated circuits including VLSIC and VHSIC devices; evaluation
of various radiated modeling of intermodulation generation in passive
components- development of integrated electronagnetic environmental J11
effects (E ) specialty tests; evaluation of electromagnetic pulse (EMP)
protection measures for defense electronics installations; and measure-
ment and evaluation of various VHF/UHF antennas, preamplifiers, and
transmission line components. With Monarch Marking Systems, was active *-'.

in the testing and evaluation of novel materials (porous rubbers, inks,
etc.). With the Cox Heart Institute, conducted a computer-aided statis-
tical analysis of research data.

Current Fields of Interest

Electromagnetic susceotihilitv and conDatioility; antenna design; electro-
acoustics; and filter design.
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DAHER, JOHN K. 2 Biographical Sketch __

0

Major Reports and Publications .'. .
II .,%**.

I '

1. "TOMAHAWK VLS CE03 Test Report," Project A-4025, Contract No. SCEEE/
NSWC/84-8006, November 1984

2. "Desiqn Guidelines for the Mitiqation of EMP Effects in Electronic ':

Circuits," Final Report, Contract No. DNA 001-82-C-0347, October
1984, with others

3. "Field Survey Measurements," Final Letter Report, Federal Express
Corporation, Project A-3780, July 1984

4. "Inteqrated Circuit Technoloqy Assessment (ICTA) Project," Final
Technical Report: Definition Phase, Project A-3657, Contract
No. F41621-83-C-5015, April 19P4, with others

5. "VHSIC/VLSIC Technology Summary, Integrated Circuit Technology--
Assessment (ICTA) Project," Project A-3657, Contract No. F41621-
83-C-5015, December 1983, with others

6. "High Altitude Electromagnetic Pulse (EMP) Protection Criteria
for C' Power Plants in a Cold War Environment," Final Technical
Report, Contract No. DACW98-83-M-0840, Project A-3572, November •
1983, with others

7. "Investiqation of the EMI Aspects of Electric Vehicles," Proceedings
of the IEEE 1983 International Symposium on Electromagnetic Compat-
ibility, Washington, D. C., 22-2 August 1983, coauthor

8. "Antenna Desin and Mechanical Feasibility Analyses," Final Technical
Report, Contract No. DAAHOI-93-D-A013, Project A-3503, April
1983, with others

9. "Investigation of Electric Vehicle EMI/EMC and Its Control," Final
Technical Report, Project A-3089, March 1983, coauthor

10. "Evaluation of Radiated Emission and Susceptibility Measurement
Techniques," Proceedings of the 1982 IEEE International Symposium
on Electromagnetic Compatibility, no. 244-251, Santa Clara, Cali-
fornia, 8-10 September 1982, with others

11. "Evaluation of Shielding Effectiveness Test Methods for Conductive - .

Plastics," Proceedings of the International Conference on Plastics . ..

in Telecommunications III, Paper No. 30, London, England, 15-
17 September 1982, coau-ITor

12. "EMC/EMI Investigations on Jet Industries' Electrica," Interim
Technical Report, Project A-3089, July 198?, coauthor

13. "Limitation in Swept Receiver Scan Rates for Impulsive Noise Measure-
ments," Technical Report, Project A-3089, February 1982

14. "Evaluation of Radiated Emission and Susceptibility Measurement
Techniques," Final Report, Contract No. DAAKSO-81-K-0006, January
1982, with others

15. "Shielding Effectiveness Evaluations of Thermoformable Laminates,"
Final Report, Project A-2897, July 1981

16. "Evaluation of EMP Protection Measures for Defense Electronics
Installations," Final Report, Contract No. DNA 001-80-C-029?,
30 May 1991, with others

17. "Identification of Aircraft Passive Nonlinear Interference," Interim
Technical Report, IM Measurement Scheme Development, Project 0
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ABSTRACT

The nature and source of corrosionn omer Dik recording

disks and sector plates in direct contact have been identified in -. '?
this study. Recordings disks and unanodized sector plates exposed
to high relative humidity, chloride ions, and/or a commercial-

cleaning solution experienced accelerated corrosion; accelerated -.-.corrosion was attributed to the tight crevice formed between the

recording disk and sector plate. Surface analytical techniques -- .
were used to characterize the nature of the corrosion and to iden- -
tify the source of corrosion. Results confirmed that accelerated.
corrosion was due to water and cleaning solution entrapped between

the recording disk and the sector plate after exposure to a commer- -;
cial disk pack washer.

INTRODUCTION '--

The objective of this report is to recognize and outline g
potential corrosion problem areas which could adversely affect the

integrity of computer disk packs (DP). A computer disk pack is 0
composed of ten recording disks where the bottom recording disk ".' .(RD) of each DP is located directly on top of the sector plate.se.--
(SP). This arrangement provides a potential site for crevice cor-

rosion. Crevice corrosion involves attack in an area shielded from
a bulk environment usually restricting the flow of oxygen and other
reactants and, in most cases, a region of high acidity develops
causing rapid attack within the crevice. Crevice corrosion ids . .o
often the most insidious form of localized attack and alloys which
are easily passivated, such as aluminum alloys, are especially sue-

ceptible to severe crevice attack."-.'
The SP is an aluminum alloy, AA-5086, which, in some cases, is *".A".

anodized to provide additional corrosion protection. In general,
aluminum alloys exhibit good corrosion resistance and uniformly

corrode at a low rate; however, under certain circumstances an ...-environment orsioncprl ara ich cors localized attack,he
i.e., crevice or pitting. The reliability of a DP will be is
compromised if corrosion between the RD and the SP leads to a
breach of the RD surface and/or induced pressures caused by c
corrosion product build-up leads to a warping or cracking of the -. 0
RD. The RD is comprised of a polished aluminum disk that is whic
subsequently coated with i-Fe203, a magnetic recording material . _
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The iron oxide, Y-Fe2O 3 , is the most protective iron oxide and
least reactive; it is stable in a number of environments, such as%
water, alkali, and dilute chloride solutions; however, Y-Fe?03 is
dissolved by most acids, particularly hydrochloric and nitric acid.-

. . . - - . o° 'a,

EXPERIMENTAL

Laboratory studies involved exposing computer disks to high
and low relative humidity, total immersion in distilled water and .

exposure to a commercial cleaning solution (Liquinox). Corrosion
rates were determined using the polarization resistance (Rp)
technique, and potentiodynamic pitting scans were used to determine
pitting susceptibility of the SPs. Analysis of the localized
corrosion occurring between the SP and the RD was performed by
three surface sensitive techniques: Auger electron spectroscopy
(AES), scanning electron microscopy (SEM), and X-ray photoelectron
spectroscopy (XPS). Test samples studied using surface analytical
techniques were taken from a DP which had been exposed to multiple
passes through a wash cycle in a commercial DP washer. The DP was
carefully opened and disassembled to avoid altering the original

lo

surface condition. A corrosion free disk was removed to use as a
control, i.e., a RD not adjacent to the SP; in addition, the SP and
the bottom RD were removed together then separated. The disk sur-
faces were not subjected to pre-treatments, but were analyzed in
the "as received" condition. The disks were cut into smaller sec-
tions for analysis.

*Three sets of samples were exposed to 80% R.H. and 24% R.H. A
saturated solution of ammonium chloride was used to simulate an 80%
R.H. and the 24% R.H. environment was simulated using a saturated
isolution of CaC 2 2H2  Test samples were cut from normal size

disks in order to conveniently expose them to the two environments.
Prior to testing all samples were cleaned with acetone to remove
grease and oil and the shear edges were coated with an epoxy to
prevent interference from edge corrosion. The three test sample

csurfaces included: unanodized AA-5086 SPs, anodized AA-5086 SPs,
and RDs. For exposure to 0% R.H., samples designated A and B were
exposed in the "as-is" condition and left undisturbed for the dura-
tion of the test; for samples C and D, water was deliberately
introduced between the RD and the SP every 48 hours; and for
samples E and F a commercial cleaning solution was introduced
between the RD and tie SP using the same procedure as used for '
samples C and D (see Table 1). Samples A-D were exposed to 80% .

R.H. for three and a half months, while samples E and F were S n
exposed to "Liquinox" cleaning solution for ree months. For
aexposure to 24% R.H., the experimental set-up was identical to that

used for samples exposed to 80% R.H. Therefore, six samples were
exposed to 80% R.H. and six samples to 24% R.H. for a total of
twelve samples. A tabular summary of the results for 24% R.H.
exposure is not provided, but the observed corrosion behavior is
described later.

% 'a
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For immersion testing, small sections of the RD and SP were
mounted in an acrylic polymer and the edges were coated with an
epoxy to eliminate edge corrosion. These samples were fully
immersed in either distilled water or cleaning solution and visual
observations were made. This experiment was designed to test the -
uniform corrosion behavior of the materials.

A uniform corrosion rate was determined for the unanodized

AA-5086 SP in 3.5% NaCl, using the Rp technique. Briefly, the Rp 
technique involves the application of a controlled-potential scan
over a small range, typically ± 5mV with respect to the corrosion
potential. In this potential range, the applied potential and cur-
rent are linearly related to a close approximation. The resulting
current is plotted against the applied potential and the slope of ..
the straight line at the corrosion potential is equal to Rp. The
resultant Rp value is inversely proportional to the corrosion "-'
current (1). The calculated corrosion current can be expressed as
a corrosion rate using the Faraday equation (2). The corrosion
rate can be expressed in two familiar forms: "milli-inches per
year" (MPY) and "milli-grams per decimeter per day" (MDD).

RESULTS AND DISCUSSION

RELATIVE HUMIDITY EXPOSURE. Test results for 80% R.H. exposures
indicated that some corrosion product build-up between the RD and
the SP had occurred for each of the samples. The corrosion product .I'v

build-up was found in highly localized areas, above sites of grow-
ing pits, and generally close to the edge. The corrosion products
were white in appearance ahd extremely adherent, probably Al(OH) 3.
A summary of qualitative results are presented in Table 1. Most of
the pits were shallow and small in diameter; however, for samples B
and E several deep pits were found on the sector plate and for
samples D, E, and F a deep pit was found on the underside of each
RD. From Table 1, it can be seen that no pits were found on anod-
ized SPs as compared to the large number of pits observed on the
unanodized SPs. Attack on the underside of the RD occurred ran- .
domly and did not appear to be influenced by the nature of the SP.

.4-. 4 -*1-

Upon closer inspection of the sample disks using a stereo-
microscope it was discovered that a number of pits were actually
deep. A photograph of a representative pit for sample F can be a
seen in Figure 1; this pit was located near the RD edge with a
measured depth of, ca. 25 mils. A similar photograph for sample E
can be seen in Figure 2; as observed for sample F, this pit was -
located near the RD edge with a measured depth of, ca. 4 mils. It
was observed that the deeper pits were located near the RD edge,
i.e., environmental access to this area was greater. In addition,
"filiform-like" corrosion was found on several sample surfaces.
Typical "filiform-like" corrosion located on the underside of the
RD for sample B can be seen in Figure 3. At 25X, the size of these
corrosion tracts can be realized by comparison to the milli-meter
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scale in the photograph. Filiform corrosion occurs beneath protec-
tive coatings in high relative humidity environments, i.e., 60-90%.
Filiform corrosion has been observed beneath organic and metallic
coatings on steel, aluminum, and magnesium (2). In general, fili-
form corrosion is not detrimental to a metal's integrity because
this corrosion is superficial in nature; however, if the filiform
corrosion track breaches the protective coating the exposed metal
surface may provide sites for pit initiation. Since Y-Fe 203 is a
protective oxide much like other protective coatings and because
this environment, i.e., 80% R.H., supports filiform corrosion, the
appearance of "filiform-like" corrosion on these disks was not sur-
prising. Observations using the stereo-microscope revealed that a
number of "filiform-like" corrosion areas had exposed metal, .p.

located adjacent to growing pits.

Identifiable white corrosion spots were observed after one
week of exposure on samples exposed to cleaning solution at 24% and
80% R.H.; however, the extent of attack appeared to be worse at 80%
R.H. After two weeks, some extremely small white corrosion spots
were observed on the "as-is" samples exposed to 80% R.H. During
this same period, samples exposed to distilled water revealed some
localized attack with areas of dark stains; in addition, the extent N.

of corrosion was more pronounced for samples exposed to 80% R.H.

After one month, no corrosion was detected on the "as-is" ... '..
samples exposed to 24% R.H. and the "as-is" samples exposed to 80% .- .

R.H. showed no acceleration of the initial corrosion. Samples
exposed to distilled water in both 24% and 80% R.H. environments
exhibited accelerated corrosion with a concurrent build-up of white
corrosion product between the disks; in each of these cases, the
anodized SP exhibited good corrosion resistance, but localized
attack did occur on the underside of the RD. As observed in ear- .'

lier experiments, the samples exposed to cleaning solution at 24%
and 80% R.H. showed signs of extensive localized attack on the
underside of the RDs; the unanodized SPs were significantly less
resistant to attack as compared to the anodized SPs. S

Exposure at 80% R.H. proved to be much more detrimental and 
. .

the extent of corrosion between the RDs and the SPs was greater
than observed at 24% R.H. For samples exposed to 24% R.H., the "as
is" samples showed no signs of corrosion between the SPs and RDs. %
Significant corrosion was detected between the SPs and RDs for a
samples exposed to distilled water and cleaning solution, although
the severity of attack was slightly less pronounced at 24% R.H.

DIRECT IMMERSION TESTING. Representative SPs and RDs were exposed .

to distilled water and cleaning solution for three months. Visual
observations revealed that no corrosive attack occurred on the SPs
in both environments. On the other hand, two small diameter pits
were observed on the RD exposed to distilled water and no attack
was observed on the RD exposed to cleaning solution. These results
indicated that uniform corrosion of the SPs and RDs was less severe
than observed for crevice samples exposed to R.H. testing.
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UNIFORM CORROSION. The corrosion rate for an unanodized SP AA-5086 V ,
was determined by the Rp technique. Results from this test are -W-%..
summarized in Table 2. Anodic and cathodic Tafel constants are
normally required to calculate a corrosion current (1). Tafel con-
stants can be obtained from laboratory experiments, the literature
or a reasonable range of Tafel values can be selected to calculate
a range of corrosion rates. Results using the latter method are
summarized in Table 3. Only a range of anodic Tafel constants, Ba,
was selected for testing because under the experimental conditions
the cathodic Tafel constant, Bc, can be assumed to be equal to :4-K
infinity. The average corrosion rate over this range of anodic
Tafel constants for AA-5086 was 0.101 MPY or 0.187 MDD. The corro-
sion rate for AA-5083 (an aluminum alloy with a composition similar
to that of AA-5086) in 3.5% NaCl was determined by Pickens (3)
using a weight-loss method. The value given by Pickens was 0.143
MDD for 30 days of exposure, a value close to the corrosion rate
determined in our studies. It must be remembered that the corro-
sion rates determined using Rp or weight-loss techniques are
designed to measure the uniform corrosion rate; therefore, the
localized corrosion behavior cannot be ascertained using these
techniques. For example, Table 4 lists some measured values of pit
depth for three samples exposed to 80% R.H. The pits were located -J-'._.on the underside of the RD (the thickness of the RD is approxi-

mately 49 mils). For sample E, a pit depth of 25 mils was found
after 106 days of exposure to 80% R.H. This was equivalent to a
corrosion rate of 86 MPY, thus, it would take only 212 days to
penetrate the RD. This corrosion rate was much greater than the
uniform corrosion rate determined for AA-5086 using the Rp tech-
nique. In addition, the pit depths determined for samples D and F
were 4 and 6 mils respectively. Pit depths of this magnitude cor-
responded to corrosion rates of 11.1 and 20.7 MPY. Therefore, it
would take 2.5 and 4.5 years to failure, respectively. From these
experiments, it was obvious that pitting corrosion, although small
in area of influence, could occur rapidly and with catastrophic
consequences.

PITTING. Electrochemical experiments using DC techniques were not
utilized to study the anodized SP because of its high resistant
oxide film, ca. 2x10 8 ohms (the use of AC Impedance techniques are
better suited for studies of protective coatings). Results
obtained for 80% R.H. exposure and total immersion tests revealed
that little or no corrosive attack occurred on the anodized SP. A
potentiodynamic pitting scan was obtained for a anodized SP sample
in de-aerated 0.1M NaCl and a typical curve is shown in Figure 4.
The current values were extremely low, in the range of 0.1 puA, and
indicated that up to -.200 V (SCE) no pitting had occurred. How-
ever, this observed absence of pitting susceptibility was supported
by the lack of pitting on the high R.H. and totally immersed
samples. On the other hand, a typical potentiodynamic pitting scan S
obtained for unanodized AA-5086 can be seen in Figure 5. A break-
down of the oxide film, i.e., pitting, occurred at about -700 mV .- ..

(SCE) as indicated by the rapid increase in current. This observa-
tion suggested that the unanodized SP was highly zusceptible to
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pitting. In fact, visual inspection of 80% R.H. exposed samples
showed a propensity for pitting. .-'.

SURFACE ANALYSIS. The use of AES was limited due to surface .%.

charging. Spectra obtained from an area adjacent to a corrosion pit
indicated the presence of a heavy layer of organic material, mask-
ing information from depths greater than 50 A. Individual disks '; ..
(not in contact with the SP) taken from the same DP did not have ...

this high level of contamination, suggesting that close contact
between the bottom RD and the SP entrapped some of the washing
solution. AES images of the magnetic disk surface facing the SP
(anodized) showed corrosion product build-up that followed regular
curved paths duplicating the pattern of the milling marks on the
surface of the SP. The ingress of water between the bottom SP and
the RD apparently followed the milling marks on the SP. The marks
were clearly visible on inspection with the unaided eye. Indeed,
on both surfaces the corrosion areas were square or rectangular in
shape, bordered by the milling cuts which acted as traps for the
wash solution. Point analysis of the corrosion products on the
magnetic disk revealed the presence of aluminum; suggesting that
transfer of corrosion products from the SP had occurred. Argon ion
sputter depth profiling of the RD indicated the presence of a
homogeneous surface film composed of carbon, oxygen, and iron .
(representing the iron oxide magnetic material and an organic S
binder). High initial concentrations of carbon were observed and
were attributed to contamination on the surface of the disk. Red-
orange stains on the SP suggested that iron was transferred from
the RD to the SP during the corrosion process. The insulating
anodized oxide and heavy contamination on the SP made the analysis
for iron by Auger electron spectroscopy impossible.

XPS analysis was more successful because charging induced by
X-ray excitation was significantly less intense. Analysis of a
sample taken from an uncorroded RD found carbon, oxygen, and iron.
High resolution spectra of these peaks enabled the identification
of the chemical state of the elements; both the carbon and oxygen
spectra had multiple components, indicative of different chemical
states. The carbon (is) spectrum had a major peak attributable to
carbon singly bonded to two oxygens. These functionalities were
attributed to the organic polymer used to bind the magnetic oxide. .-

The O(is) spectrum had three components: the lowest binding energy
component and narrowest peak was due to iron oxide at a character- .

istic binding energy of 530.0 eV and the two higher binding energy
components were assigned to oxygen in the polymeric binder. Angle
dependent studies revealed no variation in the relative intensities
of these three peaks, thus, eliminating surface adsorbed water or
hydroxyls as possible species contributing to the higher binding
energy O(ls) components. The angle dependent results were consis-
tent with the Auger sputter-depth profile results indicating that a
homogeneous recording film was present. The iron spectrum demon-
strated the expected complex spectral pattern for iron oxide, i.e.,
Y-Fe 203. See Figure 6.
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XPS analysis of the corroded magnetic disk indicated a -%
different surface chemistry. The presence of sulfur, chlorine, ".5
silicon, magnesium, and aluminum contaminants were observed. See
Figure 7. The C(ls) was predominantly one peak appearing at
287.7 eV. The oxygen signal was also predominantly a single peak at
535.0 eV. The spectrum from the iron (2p) region, which was very
weak, suggested charging on the order of 3 eV from the anticipated
oxide binding energy (Fe203 2P3/2 iron peak is well characterized
(4 and 5)). Correcting for this amount of charging, the carbon
peak then fell at a binding energy corresponding to hydrocarbons
and the oxygen and aluminum peaks corresponding to values charac-
teristic of aluminum oxide. Therefore, the underside of the bottom
RD was contaminated by aluminum oxide from SP corrosion and hydro-
carbon contamination originating from the wash.

Figure 8 shows a low magnification SEM image of the pitted
region of the SP. The deep milling mark in the surface is visible
on the left side of the photo corresponding to the border of the •

.. corrosion area. The corrosion area clearly followed the milling
marks on the surface of the SP as suggested by visual observation.

U, SEM mapping of the SP surface, Figure 9, revealed clear evidence
for the transfer of iron into the corrosion pit and along the bor-
der of the corrosion region as the red-brown color observed by
visual inspection suggested. Close inspection of the border region •
demonstrated the build-up of corrosion product. See Figure 10.

Several contaminants on the SP not observed by XPS were
detected using SEM, including: phosphorous, magnesium, manganese,
and chromium. The phosphorous may have originated from the wash
solution or as a contaminant due to improper handling. Magnesium,
manganese, and chromium, are common alloying elements used in alu-
minum alloys; therefore, these probably appeared as a result of the
corrosion of the aluminum alloy substrate. Alternatively, these
elements may have been directly detected from the substrate because
SEM X-ray analysis probes several microns into the bulk metal.

SEM imaging of a typical corrosion spot on the underside of
the bottom RD is shown in Figure 11. This photograph was
representative of a typical corrosion pit. The regularly shaped
boundary of the corroded region attributed to the deep milling
marks in the surface of the SP and the build-up of corrosion prod- %
uct in this area were easily observed. An aluminum elemental dis-
tribution map in this area illustrated the cross-over of aluminum •
from the SP to the RD was due to the corrosion process. See Figure
12. High magnification of the deposited corrosion products
revealed a thick film, ca. 1.5 pm, exhibiting a "mud-crack" pattern
caused by the dehydration of water in the film. See Figure 13.

SUMMARY

Laboratory studies indicated that rapid deterioration of RDs
occurred in a relatively short period of time, provided the

%• %
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relative humidity was high and chloride ions were present. Meas- .
~~ured pit depths on the underside of several RDs revealed that pene- €
" tration could occur in as little as 0.58 year. Although the

anodized SP had greatly improved corrosion resistance over the -
~~unanodized SP, this did not reduce attack on the RD. The appear- _

~ance of corrosion between the disks was not surprising since this
configuration favors crevice and/or pitting corrosion. Exposure to..

i ° 24% R.H. did not result in attack between the SP and RD for the" .

<S..

"~ias-is" samples. This suggested that storage at low relative humi- w.
dity will not be detrimental. The R.H. exposure tests also -

revealed that the cleaning solution was very aggressive and even _
%.. the anodized SP (which did not exhibit corrosion susceptibility to"-j"

the cleaning solution in the freely corroding state) was found to..<
k" corrode when in close contact with the RD......

k" Surface analytical studies revealed that the surface of the RD ""
and SP, which were in close contact, exhibited pitting corrosion.

. The white corrosion products found between these disks were identi-
fy%. fied as aluminum oxide or aluminum hydroxide. RDs that were not in

contact with a SP showed no signs of corrc- n and an absence of ae.
contaminated layer. However, between the nd SP h peec

.; of contamination by hydrocarbons and other impurities demonstrated .:
that the wash solution was deposited onto these surfaces Transfer
u tof elements from the SP to RD and vice-versa was observed by both
AES and SEM. Thereaet the evidence overwhelmingly proved that
water retention between these disks and contamination from the wash
solution provided a situation where rapid localized attack to

~~occurred. :.
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TABLE 1. CORROSION RESULTS FOR COMPUTER DISK EXPOSURE -'.%.
TO 80% R.H. ", 2

# Pits

Type Between Disks
Sample Sector Plate Conditions RD SP

A Anodized As Received 4 **
B Unanodized As Received 9 15

C Unanodized Water 3 10
D Anodized Water 15 **

E Unanodized Cleaning Soln 10 25 S
F Anodized Cleaning Soln 5 **

TABLE 2. POLARIZATION RESISTANCE VALUES OBTAINED FOR
AA-5086 EXPOSED TO 3.5% NaCl FOR 11 DAYS. -.-

Time (hours) Rp (ohms)
%. %_.,

23 91,000
49 65,800 5
71 94,900
95 17,300
117 13,500
167 35,500
190 27,400 .
212 35,400
238 45,000 .
260 48,000 -' '
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50 0.155 .7 .125

0 0...- 8.1

~TABLE 3. CORROSION RATE CALCULATIONS FOR A RANGE OF,.-.
ANODIC TAFEL CONSTANT VALUES FOR A DIFFUSION "-
CONTROLLED REACTIONS.

Ba (mV/decade) icorr (LA. cmn2) HPY MDD ' . ,

50 0. 155 .067 .125
55 0. 171 .074 .137

65 0.202 .087 .162
70 0.217 .094 .175
75 0.232 .101 .187
80 0.248 .108 .200
85 0.263 .115 .212 •
90 0.279 .121 .225
95 0.295 .128 .235

100 0.310 .135 .250

Average: .101 .187

Surface Area - 2.92 cm 2  Bc - 00

TABLE 4. MEASURED PIT DEPTHS ON SEVERAL RECORDING
DISK SAMPLES EXPOSED TO 80% R.H.

Pit Years to
Sample Depth (mils) Mils/Year Failure

E 25 86.0 0.58

D 6 20.7 2.50 .

F 4 11.1 4.50

467 j
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FIGURE 1. CORROSION PIT ON THE UNDERSIDE OF A RECORDING
DISK. EXPOSURE OF SAMPLE F TO 80% R.H. FOR w
106 DAYS.
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FIGURE 3. "FLFRMLK' CORROSION ON THE UNDERSIDE OF A
RECORDING DISK. EXPOSURE OF SAMPLE B TO 80% -.

R.H. FOR 132 DAYS.
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FIGURE 4. POTENTIODYNAMIC PITTING SCAN FOR ANODIZED AA-5086
SECTOR PLATE EXPOSED TO DE-AERATED 0.1M NaCl.
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E.LCONIC FAlLUR'K: ANAL-YS, S- RO iO F AVIONi C-1

1> ~.Mar ~seL. WitC. Slen~- I,B.c
:: )7~ r c Acrona-_:,ica' Labcra~orleS

ABSTRACT wiring insulation, and heat shrinkable -,A

6 tubing. These items were investigated
Six examvles of corrosion failure and analyzed so that appropriate recon-

aircraft electrical and electronic mendations could be made in terms of
6w-.-ces are described. Our experience material selections and manufacturing
21ncicates that about 2O*, of the failed improvements.

% nev:ces sub~ritted for examination are
causec )v corrosion. E>LATLES OF CORROSION RELATED FAILURZES

INTRODUCTION After environmental testing, it was
reported that iron core transformers

TeEleczrcnic Failure AnalysiS were exhibiting severe corrosion. It
Croc a-, the Air Force Wright Aerc- was suspected that the cores were not .

7 ~~a -brzre'MtrasLbr adequazelv coated with a protective ma-%

-cf electronic an lcrclfailures temn fteapidcoatings were
Rei rene 1 2, an 4) Ithas eer adquae fo prtecionof the trans-p eszaD nsed that about 3 : of these formers, two of the coated transformers :

ailurc-r are caused by materials and were placed in an environmental chamber
man.a~ingproessdefcts Aloand subjected to huridity and tempera-%

it har 'been verif ie.d that about 20O of turL' cycling according to MfIL-STD-810C,
thie 'failures are caused by corrosion. Methotd 507, Procedure 7T. 'IrtE units

wer tunedon t iteralsto verify v
Tre examples of corrosior, relater that they were still working. This LS

filures incluoe resistors con-laminated hour cycle was between 65 0 C and L'

with chlorides, circuit boards contarrin- witc, tne-11.1ative nuiiitv adjusted to
?.ed with solder flux residues, expos- 95. The trans-formers were exposed to

ed iron transformer cores, contawrinated ?e. Figure 2 slhows the transformner
connector p)ins, polyvinyl chloride -core before the test and Figure 3 shows
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:h= same core after the test. The coat- result from poor cleaning procedures
ing was too thin to protect the iron that are used on the boards before co7-
core. formal coating. Adequate cleaning of

the boards before conformal coating
Another test was made to deter-mine will eliminate the problem, while iT--

the extent that a good coating could proving the adhesion of the conformal %

protect the cores. Another transformer coating. ,

was selected and thoroughly cleaned
wi: a solvent. Nwo different coatings POLYVINYL CHLORIDE (PVC!

were appllied tc about one third of the WIRING INS1L-ATION

lor ngtr, or :ne left of opposite

~ s of th, transformer as shown in Chlorides from various sources are
Fg-res and 5. This transformer was usually detrimental to electronic svs- -
pLaced in a 4 hc.rsaltfo test, tems since small amounts of moisture

is much mcre severe in ters of may combine with the chlorides to cause -

corroS icn than the five cycles of the corrosion. One method used to establish.
>'i.idltv and termerature cycling rest. the extent that a material will erit

Tre transformer core was photographed chlorides, or to deterrine the safe

after the salt fog test in Figures f (corrosion free) operatinc tenperatures
a-: . of the material, is ca-.ed tos co -r

mirror corrosicn -est,
Te results indicate tnat proer D 2671-E5, Procedure % A o .

cla'ir ~anc coating of the iron trans- long specime, of wire with PVC insula- V

f>;rmi-r cores v.iX! preven: corrosion. tion intact was L.laced in the both,Dr z.-

a twelve inch test tube . .,ith zn- tt .
QHLORIDK CONTAMlINATION IN in a vertical positicn, a copper frr

RA!T-CALLY SEALED RNR PESISTORS was'suspended by a copper wire sit.. inc- .
es above the bottomr of the test toe.

ermetically sealed resistors (Fig- The top of the tube was sealed with

,re F were found to bc contam.inated aluminutr foil and the tube was placed .
wit- bioricrs. Tnis is undesirable in a temperature controlled oil bah.
reca J -sn ar-ount of moisture, per- The temperature of the oil bath was se- "'-
naps inacvertentlv sealed inside the lected then maintained for sixteen

resistor, May ca s corrosion sufficient hours. After the test, the mirrors
P: s- a-, circit, The resis- were examined tc determine if tn,-r, e- e

t.rs were cr-ss-sctoned ',Figure 9. any corrosion. Figure 14 shows n5- test
n.ara:ers t .,.-rav anaIlvs i i ndicated result. The botton. n.irrcr was malt- %.

r chlorid conta,-.nation was be- tained at 175C for sixteen hurs an---
:.e L r -r! a- anc tre aumr.a tre top mirror was usec as contre*

r wric-, naz a corscrew-like The control mirror was placed in- .

-_ - 7 f or It. A very slight that did not have a wire sa--nle in it, ..

aorto, corrosin on the resistor but otherwise was treated the sans a.

Lo;Ic result in failure. Tne most like- the wire specimens. It is evident fro-

-v tcucn of c .cxrine is from. a silve; Figure 14 that the PVC insulatior -a- I-

_a' pl - _ ate the brass terial failtd the test. ...

ended F r'
HEAT SHR'INK.ABLE T'BINC

COROSi<N0 ON BATTERY
C-..RGER FiK;\TE WIRING BOARDS, Some heat shrinkable tubinc e. .. _

gases that create orobiems, suc. as con- ...

SeveraI faIed batterv char2ers rosion, with electronic ecuinn,-nt:-

t'ere exan:imc anc .orros-or, was easily type of heat shr nrab tinw- a -
icent,: t ec cr t ! rtntec wiring boards vzed (Figurt. 1;. ThE- tuin was ar-"
,Fl -res ]1, I1 a:r: 1 3. The Freor cor- vzed and found tc h a ,inv aca:'-

osior prod.,ts. s'-,rwn in F iure I3 were ettle ne materiar intern-av coa ct *',

Ident if e as cow, cer ahietatc which a polvamlde. At elevated temperature. .5
results from tT7W'Fcpper conductors and itw . to emit forms of sulfur,
the a, ietic acic in, the rosin solder usually sulfur dioxide. Thes -susa -
:iux. These ty' problems usually ces may cau-E corrosior, also, heat

4761 V%%
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hrinkabKe :u ing containing sulfur has 2. J. A. Snide and B. Dobbs, Proceed-..

been shown to prevent the proper cure ings of 13th Congress of the Inter-
of siliconE Potting compounds, General- national Council of the Aeronauti-

lv, heat shrin-Kable tubing which emits cal Sciences with AIAA Aircraft
sulfides snouid not be used. Systems and Technology Conference,

Seattle, Washington, August 22-27,
PRINTED WIRING BOARD EDGE CONNECTORS 1982, ICAS-82-3.8.4, p. 1406-1414 -

The printe wiring board edge con- 3. Bill Dobbs and George Slenski, .
nectors (Fig. re 16; ma' exhibit evidencc YlateriaLs Performance, 23, Nc. 3,
of corrosion 'Fio.ne 17) when exposed p. 35-38 (1984)
tc certair contaminates. The connector A
%ins are copper -ase with 1.5 to 2.0 4. Ke. McClure, Phil Holbrook, Chuck
microns tt c: nickel ano '.u to .Mrizek,*Jr., George Slenski and ,e,

D.o micrcns cf 7c.c-piating. InTe wire Bill Dobbs, Corrosion 185, Preprint ...%..

is usualv siver dIated copper wir E. No. 32P, National Association of
A cleaning proc-eure that proved efTec- Corrosioo Engineers, Housto, TX
tive ir clearing the residues was de- (198-,5.
trained as fc'lows:

a. a te7 second dip in 1C-15.5 HCl
b. agitated tar wa'e: rinse at

C. .. f i n ; cgl water r I n .i E.

d. hot water rinse, i6
tC~ilwe. :v cconrreased air dr\ :..,

ovae dr\ at 16CFLr for one hour

.i~s typc of cleaning procedure
ia nates nran, contan.inates that when
esent ir. sufficient amourts with N

I .. v, r.av cause an electrical fail- -
urE of the eire connector.

5,P. #.

ft UT O'eral viu of tht transformer or. the
cir ur board

Xs-. eierctronic s's:e.s are suscep-
-e tz corrcsfcn. Tr.e corrosion car,

tn leakase c-:rrents and opens
c.a: '-en:alv iea2 to electrical ,

a-:ur-a. The use of cissimilar metals,
sma inen..s ano voltage gradients % %
g-cateat azct-ierate tne corrosion pro-

tess r. electror.ic hardware. In some •
aSEE toe corrosiCr Of one Dicograr of

%%
M .a :_ r Csu: ri n e c ircui frail.g. .

.trez:e s .sl:i:tv cf electronics

:, oreC Lcm racireS spec.al ccrns i ea-
t cn for cl.anlnr.es. and moisture con-

. 1 ,s, AF-.k: ."_, Ele cronic/.

5E-e~trca~ Fai~Lre Analysis Systems
Suppcrt, Tec1.nlcal Report AFvAL-TR-
"-4 ,Figure 2 - Coated transformcr core before humidityK- .9, Novenher 198, and temperature cvcng '.

DTIC !c. 3C53846L n..
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Figure 3 -Same core shown in Figure 2 after testing Figure 6 -Transformer shown in Figure 4 after 48
bour salt fog test. Note lack of corrosion in thle
coated section

.40,
v- .3,s,%

A*

. N .

A 47VL.

*Flcoire 4 -Transformer core with spectal coating on Figure 7 Transformer shown in Figure 5 after 48
*lefi 1' 3 of length before testing hour salt fog test. Note lack of corrosion in the

coated section

LiP
:%

Fig. re - Opp-csite side of transfornicr cort: Shov% in FigUre 8 Hermetically sealed RNR resistor
in F iu re 4 - rh a different type coating or; Ic.t 1 3
Of Lore length 478
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Low Cost Corrosion Sensors

Frank Ansuini
Dynaco Corporation

P. 0. Box 3209
Derry, NH 03038

...- p -'2

ABSTRACT

In response to an increased interest in corrosion * -.
monitoring, Dynaco has started a program to develop a series of
low-cost corrosion sensing systems. These systems are designed
for specific applications and use well established corrosion
measurement techniques. Their intended use is those applications
not presently being served by commercially available corrosion
monitoring systems. This paper describes work in progress to
develop a high sensitivity system for benign environments such as
electronic and ordinance enclosures.

INTRODUCTION

Interest in corrosion monitoring has grown in recent years
as the real costs of corrosion become apparent. These costs
include direct costs, such as replacement of equipment which has
failed due to corr:)sion, and indirect costs, such as maintenance
and inspection for tie purpose of minirizing the effects of
corrosion. The science of corrosion prevention is now quite
sophisticated. If the operatinq environment is known, systems
can be design2d so that the effects of corrosion can be
minimized. Ya t, failures still occur and these failures are
often the resucit of An unexpected change in the operating
environment. Thus, the purpose of a corrosion monitoring system
is to provide -n early warning of a change in the expected
behavior so th-t tinely corrective action can be taken.

,%,
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Low Cost Cor, osion Sensors P. 2

There are several excellent corrosion monitoring systems on . -,
the market today. These systems are designed to operate in a
wide range of environments and report corrosion rates and losses
to a high degree of accuracy. Chemical processing plants
represent the primary application fu-r such systems where the
very high cost of the equipment being protected can justify the
expense of a sophisticated monitoring system.

>Iany additional applications exists where corrosion
monitoring would be valuable, but use of presently available
systems cannti.t be economically justilied. It was with this need

- in mind that we started a project to develop a series of low-
cost, stato-of-the,-art monitoring systems. Certain of tie
concepts embodied in these inovel systems are proprietary. The .-.-

course of our development project has been guided by the
following principles:

1. Design for specific applications. The output of the 0

sensor in a given application can be predicted to within one or
two orders of magnitude. This greatly simplifies the design of
the electronic control circuits and allows the elimination of
range switches.

2. Use established corrosion monitoring techniques. This S
is primarily to aid user acceptance.

3. Re-design sensor heads to allow their manufacture by
photofabrication. This permits low cost, high precision
replication of the sensors. Precision photofabrication is also
what we do best. S

4. Design dedicated electronics matched to the sensor
output. This results in simple functional circuits which are
inherently lower in cost than those designed to accommodate a

wide range of sensor designs. '.

5. Provide innovative read-outs to reduce technical
knowledge required by the user. In many potential corrosion
monitoring applications, the user will not be a trained corrosion
engineer. It is important, nevertheless, to clearly alert him to
the existenie of an abncrmal situation in which the advice of a
kriowledgeab-e person is required.

MEASURING PR INCIPLES -

Many different techniques have been developed over the years
to miasure corrosion. Sensors described in this paper
concurrently use Y:wo different techniques: electrical resista:ice
and linear polarization resistance. %

".'- .-
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Low Cost Corrosion Sensors P. 3 %

Electrical Resistance - The electrical resistance (ER)
method of monitoring corrosion has been around for several
decades. A metal shape of uniform cross section is exposed to *_ ' .%
the operating environment. As corrosion proceeds, the cross
section is reduced which causes an increase in the electrical
resistance of the shape. As shown in Table 1, the law of
parallel resistors can be applied to this situation and solved
for the thickness loss. The corrosion data output from this type
of measurement is cumulative metal loss which can be converted
into a corrosion rate, if desired, by accounting for the time
interval between readings.

Electronically, the primary signal output from this type of
sensor is an electrical resistance value which can be measured by
any of the commonly used techniques. This measurement can be
processed by the circuit to yield a voltage which is proportional
to cumulative metal loss. •

Linear Polarization Resistance - Linear polarization
resistance (LPR) is also a well established method for monitoring ;%

corrosion. A small bias voltage, Ea, applied between two
electrodes causes a current, Im, to flow between them (see Table
2, Eqn. [1]). The ratio between them is called the polarization
resistance, Rp, and is inversely proportional to the corrosion
current, Ic. The corrosion current can be equated to a mass loss
rate, Eqn. [31, or a corrosion rate, Eqn. [4]. The expression
can be greatly simplified, without an unacceptable loss of
accuracy, so that the corrosion rate can be equated to the
measured current through a proportionality constant, K, Eqn.
[6, 71. Thus, the LPR technique yields an instantaneous
corrosion rate; this is in contrast to the ER technique which
yields cumulative metal loss. Each quantity, however, can be
approximately converted to the other by accounting for the time
interval.

The electronic control circuit for LPR measurements must be 9
capable of applying a steady bias voltage to the sensor and
measuring the current necessary to maintain that voltage. This
current level can then be processed by the circuit to a voltage
directly proportional to the instantaneous corrosion rate.
Further processing can be done to yield the current-time integral
(coulombs) which is directly proportional to cumulative metal loss. •

SENSOR DESIGN

Figure 1 shows one of the early sensors designed in this
project. It consists of two distinct adjacent traces, or
electrodes. Each trace starts out in a broad area, reduces to a
narrow serpentine section, and then opens up to a broad area once .
again. The broad areas are for the LPR measurements; the sensor
output in this mode is directly proportional to exposed area.
The serpentine parts are for the ER measurements. One trace is

Proceedings: 1987 Tnl-Service Corrosion Conference
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S

exposed to the environment, the other shielded to provide % %
temperature compensation. Since the purpose of this design was
proof of concept, it was deliberately made oversized so as to
supply strong signals to the electronics which were being
concurrently developed.

* The output of dual mode sensors of this type can be
quantified using the relationships in Tables 1 and 2. A standard
computer spreadsheet program can therefore be used as a design V .
aid for both sizing the sensor and predicting the interactions
between the ER and LPR areas. Table 3 shows a sample of this
spreadsheet for the sensor shown in Figure 1. Rows 1 - 8 contain
the constants for the particular sensor/application combination.
Rows 10 - 13 allow prediction of the LPR output current as a
function of sensor geometry dnd bias level. Rows 15 - 20 are for
design of the ER part of the sensor. Finally, cells F20, B24 and
B25 show the geometric interference each part of the pattern (ER
and LPR) has on measurements produced by the other. 0

.. • .

SENSOR FABRICATION

Sensors are fabricated using standard photofabrication
techniques similar to those used in circuit board manufacture.
The first step is artwork preparation in which an oversized
rendition of the sensor pattern is prepared by any of several .- .,

suitable methods. The artwork is photo-reduced to final size and
replicated to yield a working negative. Concurrently, the metal
foil is prepared by laminating it to a carrier, usually Kapton, 0
and coated with a photo-resist, a light sensitive chemical. The
negative and foil are brought into intimate contact and given a
controlled exposure to ultra-violet light which alters the '.

chemical structure of the resist. A chemical dip is used to
remove the resist from the exposed areas after which the laminate
is sprayed with ferric chloride or other etchant which dissolves
all the metal except that which is still covered by the resist.
A second chemical dip removes the remaining resist. The sensor
is now ready for quality inspection, terminations and testing.

ELECTRONICS

The electronic control circuit consists of three major

components: The LPR circuit, the ER circuit and the display.
These can be designed$ around the predicted sensor output range
calculated in the spreadsheet.

.. .?.,:
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LPR Circuit - A ve(ry simple op-amp based potentiostat
circuit, .1s 1 rst ,iilshed by Baboian in aterials Performance,
is shown il ,111 0. it is intended for three electrode work,
with ti ie), bi; ", ,I ti bke ning set at PI and the output current %

monitored it . nhan , 1ced version of this circuit, created -

for thi(, eiA(t i " -eiovelopment part of the project, is shown in
Fiqure 3. It ti .,, configured by dip switch settings to %

function a.; i twa) oio tihree electrode potentiostat or as a zero
resistan, it rt 'ttr, accordinq to tile needs of the particular

exper <i n, s a signal capture range of about seven
order. ()1 0.' :-,t can either teasu- the current directly

.*" or sup' ,I volt,: ropOtrtional to the (,-s ured current. The
£ inal ir Lit I r- t121 I )-, sensors will be i td-way in complexity

to('L C iit S .

, - *•S'

I- N'rii it - A simple bridge circluit suitaule for measuring
the response of the Ik portion of the sensor is shown in Figure

"I. This circuit produces an output voltage proportional to
differ(,ntial input resistance. Circuits of this type are
cormmonly used in strail ga(ge work. Since a goal of this pro ect %-e %

is to miniaturize the sensors to the greatest degree practical, .
iL is possiol( tlat the ER trace resistance could be of the same

r)rder of riaqnitide as the lead wire resistance. This could •

. necessitate tihe use of the so-called four-wire technique to - %
measure res istance in order to back out the lead wire resistance. ,
This technicue -involves putting a constant current through the id -%-
resistor trace with one pair of lead wires and measurinq the % %

resultant voltageo drop across the resistor through, a very high %r
input impedance mter with the other pair of lead wires.

Display - A stated goal of this pro oct is to reduce the "%. %

technical knowle(dge required by users of these sensors. The .

display, therefore, must provide an indication of when things are
"nor, al" as well as a stronger indication of when tlin,s become 0
"abnormal. A useful analogy can be found in the engine idiot
lights on an automobile which provide an alarm when a condition
exists requirino the .services of somneone knowledqeable in %
autoi ot ive mechanics.

At the pre-set t stag( of develop;,,ent, LI -, al 1,'S cI.rcuits
are bexingq designed to suppl a voltaqe s.ignal proportional to the '

cumulative metal loss (Ii) and the instantaneous corrosion rate
(ILPP). Thlese voltages-i will teli bo disi ayed on a twill LC1-
bar graplh. if the teding _(eceeds a preset alarri lev l, tie %
display will latch into a blin t i ng lod(. This , is play t'chnique %-%

will prvide one( . inlific.,llt lolg. t- OL ((oorrosioll data. Vh.ile this
level olf reso lot ion Lis cle,1]. I t I lot f I I c[I'lt for la i)l0l]at-orv or .
dev(21opment werk, it- 's c(insidori lda( gtite ro t!lo iteitdt I.

purpos( of toteso ,ete -s: I 0I ine'>('ii% i't v pulV wi a Wil-lr[lt 01 '• 4=-,

a bIormol 0o H 111 .1.)('spe telt irii [ ! ,t L it I 011' 1

%

.
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[. ].

Additional s hinal processing circuits can be added to
convert the EN, measured cumulative loss to interval or cumulative
corrosion rates. Simi larly, the LP-,' measured instantaneous
corrosion rate c-an be converted to interval or cumulative metal
loss. An advantage to the conversion step is that it will allow *

the direct comparison of the same quantity measured by two
independent methods. A disadvantage is that it adds to the cost
and complexity of the electronics. Also, it is well known in the
corrosion field that such simple numerical conversions of one
type measurement to another can be fraught with danger if they are
perforied witniout a sound understanding of what is actually
happeninQ on the sensor surface.

t ORK To DATE

Pr oof of Concept Experiments - The sensor pattern shown in
Figure I and described in Table 3 was fabricated in 9o/i0 cop[e r -CIS
nickel and tested for sixty days in aerated ASTM synthetic
seawater. The enhanced potentiostat previously described was
used for LPR measurements while the four wire method was used Ior
ER measurements. A set of weight loss panels was concurrently
exposed for verification. ER and WL data was converted to
interval corrosion rates so as to allow direct comparlsr orl ':ith.
the LPR measured rates. Good agreement was noted amonq ii t.he
results obtained by the various methods, as shown in Fimr, .

The upturn in corrosion rates noted towardi tike ,,i,i , i t}"'t'
experiment was a fortuitous artifact of the test sets . ,-
copper concentration in the tank contiiiid t,) i,-,re 15 . 12, t:,<
test and, since the tank was well aerattd, etos , s,.p ,to ,.
most likely species. The cupric ion st: ,l, it ,
m2tal surfaces, a reaction which is put .... ,:1
photofabrication business. The Pe>). t , . '_ , :' ,
increased corrosion rates towadri t }1,, e'1I :

secondary attack by cupric ionis. .,
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Low Cost Corrosion Sensors P. 7

the not unexpected result that large aspect (width:thickness)-".
ratios gave more accurate results since it minimized the effect

of attack on the trace side wall. The limit to miniaturizing
this part of the sensor will depend primarily on the detection

limits of the ER circuit.

A prime requirement for the LPR part of the sensor was that
it be able to detect corrosion activity in high humidity
environments. Translated to corrosion terms, this means that the .. r %

corrodent would have a very high resistivity so solution IR drop
could interfere with the readings. This effect can be minimized
by minimizing the distance over which the ionic current must
travel when the sensor is energized. In geometric terms, the gap
between the electrodes should be as small as possible.
Similarly, the electrode width should also be small to ensure I
that the entire surface of the electrode participates in the
reaction, not just the edges near the gap.

These considerations were experimentally verified by
preparing three patterns, all with the same exposed area.
Sensors were fabricated from 2 mil steel foil. Pattern C, shown
in Figure 6, had a 60 mil trace with a 15 mil gap. The active
area is the two parallel bars in the center; the rest of the
pattern are termination leads or gage marks which were masked
before testing. Pattern B was identical to pattern C except that .vpl

the gap was reduced to 3 mils. Pattern D, shown in Figure 7, W-
kept the 3 mil gap but reduced the trace width from 60 mils to 6
rnils. It was necessary to use an interdigitated shape for the
electrodes in pattern D so that metallic IR drop would not
interfere with the operation.

The sensors were tested for 30 days in aerated distilled
water which would be similar in corrosivity to atmospheric
condensation. The results, shown in Figure 8, verified that
small is better as the fine geometry sensors gave a stronger
signal than those with coarser features. The heightened
sensitivity of pattern B vs. C is believed to be strictly due to
the reduced gap width of the former. The results from pattern D •--.
reflect both the reduced trace width and a side wall effect. •

The plan view area of the three sensors (length times width)
was identical: 0.774 sq. cm. The area of the side walls is also - S
available for reaction and hence will contribute to the current
output. Since the patterns were etched from 2 mil foil, the B
and C electrodes had an effective width of b4 mils (60 + 2 + 2)
which gives an actual reaction area of about 0.83 sq. cm.
Pattern D has an effective trace width of 10 mils (6 + 2 + 2)
which gives an actual area of 1.29 sq. cm. Thus, if all other
conditions were equal, the side wall effect alone would cause
pattern D to put out about 50% more current than patterns B or C. "-"
The rest of the increased current output of pattern D can be
attributed to the effect of the narrower trace. .-.

P'roceedinqs: 1987 T -Service Corrosion Conference
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Low Cost Corrosion Sensors P. 8

FUTURE WORK

The next step in this project is to recombine the ER and LPR

patterns into a single composite pattern. Unlike the composite -
pattern shown in Figure 1 which has the ER trace in the middle of
the LPR trace, the new pattern will have the ER and LPR portions
located in separate areas of the sensor surface. One reason for
the change is to eliminate the geometric interference shown in
Table 3. The other reason is to eliminate electronic
interference between the two modes during reading events. The
new pattern will have four or seven lead wires, depending on the
ER measurement technique selected. It appears very likely that
the new sensor pattern will occupy an area about the size of a Ira
commemorative postage stamp. Other remaining tasks include
investigation of various surface treatments to enhance sensor
sensitivity, qualification tests in which the sensor's response
is measured as a function of relative humidity, and correlation
tests to relate the sensor's response to weight loss corrosion
rates of many common metals.

A%
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Low Cost Corrosion Sensors P. 9

Table 1 - Calculation of Thichness Loss from

Electrical Resistivity Measurements.

Appreach: Treat as parallel resistors where R. initial

resistance, Rc = resistance of the corrodedportion, Rb = resistance of the remaining portion.

1 = 1 1+R 1- R 1b ".J-a

R?. -R +R R- F R. R ?
c b c / b

For d much less than t, the cross section of the
corroded area can be approximated by a slab
d thick by (w. + 2t) wide. Therefore

Rc = d * +w * 2t) where ' resistivity [2]

d * (w. + 2t) [J 5

c  
b %

For w. much greater than t, w (w. + 2t)
I i

Eqn. [4] can be simplified to:

d 
to= w ii R [ 5 ]., .,--,

1 4

- Ti corroded

Proceedings: 1987 Tn'r-Service Corrosion Conference .. ?
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Low Cost Corrosion Sensors P. 10

Table 2 Calculation of Corrosion Rate from
Linear Polarization Resistance Measurements

When a small bias voltage, Ea, is applied between two electrodes,
a measureable current, im, will flow. For bias voltages less
than about 20 mV, the current will be directly proportional to
the voltage. This proportionality is termed the polarization
resistance, Rp, and is inversely proportional to the corrosion
current, Ic. The proportionality constant is known as the
polarization constant, B:

dEaldlm = Rp = B/Ic Ill

For the case when Im = 0 when Ea = O,equation [I] reduces to:

Ea/lm = Rp B/Ic [2]

The corrosion current can be directly converted to a mass loss
rate, MLR, by means of a proportionality constant known as the
Electrochemical Equivilant, EE:

MLR = (EE)*(Ic) [3]

Mass loss rate is converted to corrosion rate by accounting for
the area, A, and density, D, o( the metal:

CR = MLR/(A*D) [4] . ,

Substituting equations [2] and [J ';rto equation [iU, the
corrosion rate can be expressed in terms of constants or dirctly
measurable quantities:

CR = [(EE)*B(( Im)J/Z 4*D*(Ea)] [5]

.0 0N

In a given experimental set'4p, CE, B, A, and D would be
constants. Therefore:

CR = K*(Im)/(Ea) [6]

If Im = 0 when Ea = 0, then [a can also be set as a constant:

CR K,*(!m) [7]

[Iroceedings: 1 ',H7 1'r V' vi C 'w '0 Si 1 ( (l 01ierefle %.:
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Low Cost Corrosion Sensors P. 11

Table 3 Sample output from computer spreadsheet used to
design the prototype corrosion sensors.

Rows 5 - 8: Input material constants. .r_
Rows 11 - 12: Input LPR design variables.
Row 13: Output sensor's LPR response.
Row 16: Input ER design variables.
Row 17: Output choke point resistance. .
Row 19: Output resistance of LFR portion and

area of choke point.
Row 20: Output total trace resistance and S

percent contribution of LPR portion.
Row 24: Output LPR constant, LPR trace only."-
Row 25: Output LPR constant, total trace. ,

A : C 0 E ::F: %

1: Sensor Sizing SS, Variable Input - CuNi u
2:Final Design: 2/18/85 %

3:L,WSA=LPR dim'n; l,wga=ER dim'n
4: ---------------------------------------------.
5: Alloy: CuNi706 Density: 8.94 gm/cc
6: Media: Seawater ElRes: 19.10 u0cm .

7: B,mV: 26 ElChmEqv: .000327 gms/coul
B:Thk,mils: 10.00 .

9:
10:LinPolRes Outputs - Variable Inputs
11: CR,mpy: 1.00 #W,in: .490
12:#Bias,mV: 10 #L,in: 10.000
13:Imeas,uA: 26.82 #A,sqin: 4.900
14:
15:ElRes Outputs - Variable Inputs

16: w,mils: 30.00 l,in: 22.963 [.aN.
17: R,ohms: .576
18: R,ohms, For LPR trace using dimensions .
19: at # above: .015 a,sq.in: .689
20: Tot R/trace,ohms: .591 %Rlpr: 2.60
21:
22:K' Calculation
23: For inputs at 4 above .--

24: mpy/uA: .037 LPR only .
25: mpy/uA: .033 LPR and ER

%

Proc eodinqs: P18 7 'jr i-Servic( Corrosion Conference
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Low Cost Corrosion Sensors P. 12

Figure 1 Early proof-of-concept -

sensor. The broad bands are the
LPR reaction areas; the serpentineON
traces are the ER reaction areas.
The center serpentine is masked
from the environment; its function
is to provide temperature
compensation to the exposed
trace.
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RI 01 S1+0 1 A,.'- %

_0 A15v

Ref

El
02 %

2

3P > 
E I %

112 W'kP.

Ell

D1 IN4006 Si Rectifier, IA 800 Pl 2 "' .'
D2 1N4742 Zener diode, 2V S5 ' !W 2

R1 2.2 kilo ohm resi-stor 2 ., .
PI 100 kilo ohm 15 turn V,o:t( ntiore'., r" 1 ,,-%'

-. .1 ,*"

TL 071 Low noise JFET input up amp

Figure 2 L)D-amp based potent /osta t. The des ired L ic ontenill/ iais set by Ldjusting P1. The circuit wi ;upply curven'

through tte auxiliaQry ele,ltrocle to the wo-kin.- elo,-+.ro 0e".....'

to keep the workinq electrode at the lesircl bias''' ''

potential. [Ref'.: B~Ob,, an e t. I1 f. ; L ec t o f Aloder,'.....'.,'.

EL/ec tron ics on Corros ion Foc hno Io,:y"I; ,Ma ter io s-.-.--

Pe1formance SiDetfer, 19/ 80 P).]
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vcc+

< Bridge Bridge ,%m,,,
Balance Completion Gain VP€
Resistor Resistor ,-"i".-

F 741 .. .€
VA Output

Signal ?;

A*%

I I To ,.
Vcc-

IActive Sesr Dummy ,,%

STrace Trace ",' .#

-- •-A A

Figure 4 Typical Bridge Circuit. The output signal from....
this circuit is proportional to the differential .. '
resistance between the active and the dummy trace.
The resistance of the active trace increases as &".
metal is lost to corrosion. The dummy trace is "'~.z
shielded from the environment and serves to ... '
compensate for changes in resistance due to , " ,. .
temperature fluctuations.>'

'E O ,

I Active Smr-io Dummy

-

1" -.':.

* A... ..

Figur 4 TyicalBridg Ciruit. he ouput ignalf"ro
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Corrosion . -s

6 I I / 90/10 Copper Nickel %,%

4
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2 E
WL- -- -- "- -" -

"N - - - LPR V

-'.--.--.-_- -
IN , _% - I

0 0 -

0 10 20 30 40 50 65

Figure 5 Comparison of interval corrosion rates in synthetic _

seawater as determined by weight loss measurements
and the prototype sensors operating in the Electrical -.
Resistance and Linear Polarization Resistance modes. A.-
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Low Cost Corrosion Sensors -

Patterns Used For LPR Trace Development.

Figure 6 The active area of Pattern C
is the two parallel bars in the
center. Each bar is 60 mils wide
by 2 inches long. The gap between
them is 15 mils. Pattern B (not
shown) is identical to C except .
that the gap has been reduced to
3 Inils.

%

%

S°. ..
%

Figure 7 Pattern D has the same
area and gap width as Pattern B.
The trace width, however, has :
been reduced to 6 mi/s. The " -,

interdigitated arrangement of
the electrodes shown was I.5..

necessary to reduce metallic %.16

IR drop in the narrow traces.
This was the most sensitive
of the patterns tested (see .. .

Figure ).

I .%. -. -5.-

4* Q 6

-..- .. '
[ -- .*,....
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0A
t .

o -I

> Electrode Width

-I 6 Mils 60 mils ~
3 mils

L

15 mils C

-PM

m%
r3-

, .

,'. %

o1'0 15 2'0 2'5 30 -P " i "i-
ay,.... "

Figure 8 Relative response currents of three sensor designs ,-...
showing the effects of electrode width and gap ""-":

j"% '. .'

width. The reduced response of C vs. 8 is bel ieved 1,'.'..
to be primarily due to the effect of IR drop across
the gap. The heightened response of D vs. B is .....
primarily due to the side wall effect (see text) and, '""
to a lesser extent, the reduced IR drop across the '...-.
electrode width. -''[,
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THE NACE-NBS CORROSION DATA PROGRAM a .-.

David B. Anderson

National Bu-eau of Standards

Gaithersburg, MD 20899

ABSTRACT

The National Association of Corrosion Engineers (NACE) and the National Bureau
of Standards (NBS) have established a collaborative program to collect,

n,1', na te, and disseminate corrosion data. The multi-faceted effort
Ct,(1t er on compilation of computerized materials performance information and .'

,ur ro ,ion dat, abas, development2. A user triendly computer database combining
both -,i (Ikinetic) and stability (t.hermodwnamic) data will be a key component .

With ci1phiasis on numeric corrosion data for metals and nonmetals exposed to a ...

wide ran,t - ot industrial and laboratory environments using formats and
i,- cr-ipjtor'. compatible with other material property/performance databases.

0"Itput: p rograms itclude sit arch parameters designed to give the user ,av 5'! -

,icc 1 o t l,, 1cqoi red i ni orm,it io i a number of graphical and tabular
o l ts. IIIpI Ir t svst ems i re calso b( i Ii, devteloped t o provide interpret ive

i,,it ;i : v, to rlidC . ustrs i1 critical areas

'',, jjin hi : .- n estimited to cost de,'eloped countries 3-5% of their annual
1-.. ioil Ip roduc t and I% ot that is conside re d avoidable using present

t', i I ) It o the USA, it is est imaited that at least $25 billion a year

(1,,i 1),. v , -d i I s-is i , itIt orImat i on was et fec t i ve lv appl ied . The NACE-NBS

I'(.! 1 ) d o p o r, Ill was e! Iab isIetd t ) collect, evaluate and disseminate

"o ,-pt-clvns ive mat eri al s performainc int ormat ion base needed to address •
lw... ' lht. t,chlnical credibility of the corrosion data disseminated will

cix- 1,imi :d bv the broad-based, multi-disciplinary support provided by the , ,

i ie ,iId Isources o f *i, NA("E imibiship and the NB Sstaff.

IC" .. ,I.i I.,

. ivi t1 0 h'vt, ilicllidcd d(mo1 1 t5l-tio l projects aimed a the ce , plex i %I

- .' , in i Iit i 1! 1,i lUAZI i 011 j ,Id p1) ;(-11t at ion of 'arious t 'pes of co (I)o
i.>,' , 1 i, " (F ("(,rto.i)) lti Sil-, V puhl icat ions O1l m tLs !lnd IO111,,t1 ,I ; -,

t1, I i)-,lit,.d ilit o . lectronic Iolrit as Cor-Sur softwar" f or ' C ., -

ib, poi',iiiis proVide tabul,r and graphical oukltputs with unique search c-apabi1-

I : e:, tohra-ct-ri, mt'erial colnpat ibilities with a wide variety of environ- S
1,1,1t s "s a guide to i dnt i f i cat ion of candidate mat er i a ls to meet specc i-f i c'-

I-~. (.-TI VO l I
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-2-
A Corrosion Data Workshop attracted sixty experts from a variety of disci-

plines (2). Discussions centered on (a) how corrosion data are used , (b) who %

uses corrosion data, (c) sources of corrosion data, (d) how can existing data -

be made more useful, (e) how to evaluate corrosion data, (f) what types of ./ -
corrosion data are most useful, (g) requirements for establishment of a
standard format for reporting corrosion data to facilitate database develop-

ment and (h) database user benefits. These discussions have provided
direction to the corrosion data program in its efforts to address the needs of N
industry and the corrosion community in general.

Current activities center on the following: .. '

1. Establishment of consensus guidelines for compilation of corrosion

data from multiple sources to assure meaningful database output. This

includes adequate material, environment and corrosion data descriptors

with assurance of compatibility with other material/performance data-
bases. Broad-based guidance is gained through Tauk Groups within both

NACE and ASTM.

2. Development of corrosion data evaluation teclniques and procedures to
insure accuracy and consistency in compiled data outputs.

3. Development of database output formats, both tabular and graphic, to aid

user in understanding and interpretation of complex corrosion data.

4. Software development to utilize thermodynamic stability concepts for
data interpolations.

5. Software addressing complex calculation of economics considerations in

materials selection for corrosion control.

6. Computerized indexing of corrosion literature

7. Development of expert systems to guide problem solving in materials

selection for critical applications where corrosion is a key factor. -

References

]. . 11. Paver e t a] , "Economic Effects of Metallic Corrosion in the ..--

United States", NBS Special Publications 511-1 and 511-2, May 1978

2. E. D. Verink, J. Molts, J. Rumble and G. M. Ugiansky, "Corrosion Data
Program Workshop Summary", Materials Performance, April 1987, pp 55-60

S

" . ..g

-.... . -- -. , % . . .... .- - U- ... ..

. . . ..%U~



BIOGRAPHY •

NAME:
David B. Anderson

PRESENT AFFILIATION:

Corrosion Group

National Bureau of Standards . -e
Gaithersburg, MD 20899

TITLE:

Physical Scientist

FIELD OF INTEREST/RESPONSIBILITIES:

Corrosion , database development

PREVIOUS AFFILIATIONS/TITLES:

International Nickel Co. various positions in corrosion research and

marketing

ACADMIC BACKGROUD:

B. S. Yale University

Graduate Studies - North Carolina State Univ.

SOCIETY ACTIVITIES/OFFICES/AWARDS:

Active in NACE and ASTM .-.

PUBLICATIONS/PAPERS:

24 papers.%"%

US (GO(V[RNMFNT P91NTINSG Ir f l(- qN' 1,8 HO

% % % . % % W.~ .%- c..% XC P V
%, %

!-kl 0, .0. °',



4,-

~Io

'-

'a, '


